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BBEJEHUE

Omuko-rexuudecknii tHCTUTYT (DTU) AH PVY3 (r. TamkeHT) sSBIsSETCS OTHUM W3 CTapEHUITNX
WHCTUTYTOB Akanemnu Hayk PecrmyOnmku Y3bekucran (AH PY3). B ®TU B pa3Hble mepuoasl ero
NeATeNbHOCTU MOJTYYHIN pa3BUTHE MHOTME Hay4yHbIE HAlpaBJICHUs, BIIOCIEACTBUHU BoLIeAINE B cepy
HEKOTOPHIX OCHOBHBIX HAINPABIICHWA €CTECTBEHHO-HaydHOTO mpodunst AH PVY3. 3meck Oplmm HadaThl
HCCIIeIOBaHUS B 00JIACTH GU3NIECKOH IEKTPOHUKH, (PU3UKH TBEPAOTO Tena, PU3UKHU MOTYNPOBOJIHUKOB,
saepHod  pu3MKM, (QUMKKM BBICOKMX OJHEPrUid M  KOCMHYECKHX  Jy4el, TeJHOTEXHHUKH,
BBICOKOTEMIIEPATypHOTO MarepuanoBeneHns. Ha 0aze HaywyHbIX HampaBieHud u mojapazaenennit ®TU
ObuTn co3nanbl MHCTUTYT simepHoit pusuku (1956 r.), UuactutyT snekrponuku (1967 r.) uB 1987 r. - HIIO
"Ouzuka-Conane" AH PY3. MuctutyT MatepmanoBeneHus opraHu3zoBaH B 1993 1. Ha 6aze psga
naboparopuit ®TU u ero OnbiTHOrO Npou3BoacTBa ¢ bonkmoi Conneunoii [Teusto (BCIT).

[Ipusnanuem 3acayr ydenelx HIIO "O®wuzuka-Connne" AH PVY3 sBunocs usganue VYkaza
[Ipesunenta PY3 NeVII-4512 ot 01.03.2013 1. «O Mepax 1Mo mambHEUIIEMY Pa3BUTHIO aTbTEePHATHBHBIX
ucTouHuKOB 3Heprun» U [locranoBnenus Ilpesumenta PY3 Nellll1-1929 ot 01.03.2013r. «O co3nanum
MeXayHapoJHOTO WHCTHUTYTA COJHEYHOW 3HEprum». 3a KpYNHBIH BKJIag B HayKy B 00JacTH (DU3HMKH
nonynpoBonHukoB B 2007 1. corpyanuku MucTutyTa akamemuk M.C.Caupnos, nokropa ¢.-m.H. W.T.
AtabaeB u A.C. CaupnoB ynocroensl ['ocynapcTBeHHo# mpemuu PecryOnmku Y30exkucran B 00nacTu
HayKM M TEXHMKH. 3a pPa3paboTKy M CO3JaHHE COBPEMEHHBIX CHCTEM HPSMOro NpeoOpa3oBaHMS
COJTHEUHOTO H3JIyUYEHHS B JJCKTPUUECKYIO SHEPTHI0 Ha OCHOBE KPEMHHEBBHIX (OTOMpeoOpazoBaTemei,
komekTuB yueHblx Muctutyra C.Hagymyxamenos, X. Cabupos, M.H. TypcyHos, N.A. IOnpames Bo
rmaBe ¢ akagmeMukoMm P.A. MywmmHOBBIM ymoctoeH B 2013 r. 'ocymapcTtBeHHOU npemun PecmyOmmkn
VY30ekuctad B 00J1aCTH HAYKU U TEXHUKH.

B UnctutyTe mmurensHOEe BpeMs paboTanu M padOTAlOT B HACTOSIIEE BPEMS BHIHBIC YUEHBIE—
¢um3uku: akagemuk C.A. A3MMOB - CO3JaTellb HAYYHOH IIKOJIBI (PU3UKH BBICOKHX M CBEPXBBICOKHX
SHeprui; akageMuk Y.A. Apu¢oB — co3faTenb IIKOIbI (U3NUECKOH 3IEeKTpOHHKH; akaneMuku C.V.
Ywmapos, D.U. Anuposud, M.C. Cannos u P.A. MyMHHOB — OCHOBATEIH pa3INIHBIX HANIPaBICHUHN HU3HKHU
MOJYTIPOBOTHUKOB, akageMuk C.B. CrapomyOueB — co3maTenb HAayqHOH MIKOJBI (PU3UKH TBEPAOTO Tea U
OJUH U3 opranuzaropoB MHcTtutyTa saepHoi ¢usuky, uineH — kopp. AH PY3 I'.fl. YmapoB — co3narens
Hay4HOM IIKOJIbI TE€IMOTEXHUYECKUX UccheqoBanuil, akajgemMuk T.T. PuckueB, co3aBIInii COBMECTHO C
akageMukoM C.A. A3MMOBBIM IIKOIY BBICOKOTEMIIEPATYpHOTO MaTepuajoBeneHus, akagemuku K.I'.
I'ymamos, b.C. Ongames u T.C. IOmgambaes, KOTOpbie pa3BWIIM HAYYHYIO IMKONY (DU3UKU BBICOKHAX
SHEPTHUHA B KOCMHYECKUX JIy9eH, co3manayto akageMukoM C.A. A3UMOBEIM.

C 1965 1. ®TU AH PVY3 u3naér MexnyHapoansiii xkypHan «I'enmrorexauka». JKypHan nepeBoaurcs
Ha aHTJMUACKUH A3BIK aMEepHUKaHCKOW koMmaHuel «AmneptoH Ilpece», uznaércsa B CIIA nox HazBaHueM
«Applied Solar Energy» u pacnpoctpansiercs mno mnoxamucke. JKypuan «Applied Solar Energy»
uHAekcupyercsa B HayuHol 6aze “SCOPUS” mpecTHKHBIX MEXIYHAPOJHBIX KYPHAJIOB.

B stom 2020 roxy B ®usuko-TexauaeckoM HHCTUTYTe AH PY3 yke B AeBATHIN pa3 MPOBOIUTCS
cTaBIIasl TPaAUIMOHHOW MeXayHapoaHas KoHpepeHuus «DyHaaMeHTaIbHbIE W MPHUKIAAHBIC BOTIPOCHI
¢u3ukn». Ha xoH(pepeHuHI0 NpUHUMAIKCh pPaOOTHI, BBHINOJIHEHHBIE 3a IOCIEAHHWE TPH Troja MO
CIIEyIOIIMM HamNpaBleHUsIM M TemaTukam: 1. Pusuka sfapa W dJIEMEHTApHBIX YacTUI] (BKIIOYas WX
NPUKIAJHBIE acCMeKThl, a TakkKe (U3WKY BBICOKMX OHEPrHil M KocMuueckux iyuer; 2. dusmka
MOJYTIPOBOJIHUKOB U TBEPAOrO Tena (BKJIIOYAs MX NPHUKJIATHBIC acTeKThl, a TakkKe (U3UKY IIa3Mbl); 3.
Bo30o0OHOBNIsSIEMbIE HCTOYHUKH SHEPTHH U UX MPUIOKEHHUS (BKIIIoYas renroMarepuanoBenenue). OTpaaHo
OTMETHTB, YTO 110 TeMaTHKaM KoH(pepeHuru Obl10 nogano okojo 120 Hay4HbIX paboT, BKItodas Oonee 20
craTelt 3apyoexxHbIX YU€HBIX n3 Poccum, Kuras, [lakucrana, Kazaxcrana, Azepbaifmkana, Pecrryonmku
Benapycek u npyrux crpan. Mbl yBepeHBI, 4TO MEXAyHApOJHas KOHPEpEHIH CTaHeT MIaTGopMoi s
oOMeHa MOCIeIHUMH HaYYHBIMH JOCTI)KCHUSMH MEXIY YUYEHBIMU U3 Pa3HBIX CTPaH, a TAKXKE MOCITYKHUT
KaTaJnu3aTOpOM YCTAHOBJIEHHS HOBBIX HAYYHBIX CBA3EH MEXIy Y4YEHBIMH M, BO3MOXKHO, 3apOKICHHS
OyaymuX MeXIyHApOAHBIX HAYYHBIX KOJUIabOopauuii.

Opeanu3ayuoHHbIl KomMumem
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INTRODUCTION

Physical-Technical Institute (PTI) is one of the oldest institutes of the Academy of Sciences of
Uzbekistan. During different periods of its activity, many scientific areas were established, which later
became the main directions of research in natural sciences of the Uzbek Academy of Sciences (UzAS).
Among them are the physical electronics, solid state physics, semiconductor physics, nuclear physics, high
energy and cosmic ray physics, solar energy technologies, and high temperature materials science.

On the basis of scientific areas and divisions of PTI, several institutions were created, such as the
Institute of Nuclear Physics (1956), Institute of Electronics (1967) and SPA "Physics-Sun" of the UzAS
(1987). The Institute of Materials Science, based on a number of laboratories of PTI and its pilot production
facility with a Big Solar Furnace (BSF), was established in 1993.

The Decree of the President of the Republic of Uzbekistan “On measures for further development of
alternative energy sources” NeUP-4512 on 01.03.2013 and the corresponding Resolution of the President of
the Republic of Uzbekistan “On the establishment of the International Institute of solar energy” NePP-1929
on 01.03.2013 are recognition of achievements of scientists from SPA “Physics-Sun” of the UzAS. For
important contribution to science in the field of semiconductor physics, the Institute scientists - Academician
M.S. Saidov, Dr. Sci. A.S. Saidov and Dr. Sci. I.G. Atabaev, were awarded the State Prize of the Republic
of Uzbekistan in the field of science and technology in 2007. The team of scientists of the Institute - S.
Dadamuhamedov, H. Sabirov, M.N. Tursunov, and I.A. Yuldashev, headed by Academician R.A.
Muminov, is awarded in 2013 the State Prize of the Uzbekistan Republic in the field of science and
technology for the development and creation of modern systems of direct conversion of solar radiation into
electrical energy based on silicon solar cells.

Many prominent physicists had worked in the past, and are presently working at the institute and they
founded the different well-known scientific schools and research directions: academician S.A. Azimov -
founder of the scientific school of high-energy and ultra-high-energy physics; academician U.A. Arifov -
creator of the School of Physical Electronics; academicians S.U. Umarov, E.I. Adirovich, M.S. Saidov and
R.A. Muminov - founders of various research areas in Semiconductor Physics; academician S.V.
Starodubtsev — founder of scientific school of solid state physics and one of the founders of the Institute of
Nuclear Physics; correspondent-member of UzAS G.Ya.Umarov - founder of the scientific school in applied
solar energy research; academician T.T. Riskiev, who created, together with academician S.A.Azimov, the
school of high temperature materials science; academicians K.G. Gulamov, B.S. Yuldashev, and T.S.
Yuldashbaev, who developed further the scientific school of high energy and cosmic ray physics, founded
by academician S.A. Azimov.

Since 1965, PTI publishes the international journal "Applied Solar Energy". The journal is translated
into English by the American company "Allerton Press" and is published in the United States and distributed
by subscription. The journal “Applied Solar Energy” is indexed in the “SCOPUS” scientific database of the
prestigious international journals.

In this 2020 year the Physical-technical institute is organizing for the ninth time the traditional
international conference “Fundamental and applied problems of Physics”. The works implemented within
the last three years in the following fields have been accepted by the conference: 1) Nuclear and elementary
particle physics (including its applications, high-energy and cosmic ray physics as well); 2) Physics of
semiconductors and solids (including its applications, plasma physics as well); 3) Renewable energy sources
and their applications (including helio-material science). We are glad to inform that about 120 scientific
articles pertaining to conference topics have been received by the conference, including more than 20 works
of foreign scientists from Russia, China, Pakistan, Kazakhstan, Azerbaijan, Republic of Belarus, and other
countries. We are quite confident that the current international conference will be the platform for exchange
of the latest scientific results among scientists from various countries, and it will possibly foster the creation
of the future international scientific collaborations.

The Organizing Committee
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Abstract

In particle physics, study of the symmetry plays very important role in order to get useful information about the
nature. The classification and arrangements of subatomic particles is also necessary to study particle physics.
Particles which are building blocks of nature are quarks, gluons and leptons. Baryons and Mesons composed
of quarks were arranged by Gell-Mann and Okubo in their well-known Eight-Fold way up to SU(3) symmetry.
Standard model of particles is composed of these particles. Particles in SU(4) also make some multiplets.
However all the baryons with spin JP= 3/2* and 1/2* in these multiplets have not been observed till date. We
have studied properties of the multiplets having spin J°= 3/2* in an early work. In this paper the SU(4)
multiplets with spin JP= 1/2* have been organized and studied in an easy way. As a result some clues about the
masses and iso-spins of the unknown hyperons have been obtained. These approximations about the
characteristics of the unidentified baryons have been recorded in this article. Mass formula for the baryons
having spin J°= 1/2* in SU(4) multiplets have been extracted.

Key words: Baryons, SU(3), SU(4), Hyperons, Standard Model, Mass Formula.

1. Introduction

Baryons are composed of three quarks (qgq). The three flavors up u, down d, and strange s, imply an
approximate flavor SU(3), which requires that baryons made of these quarks belong to the multiplets on the
right side of the ‘equation” 3®3®3=10, ®8,, ®8,, @1, .Here the subscripts indicate symmetric,
mixed symmetry, or anti-symmetric states under interchange of any two quarks (David J. Griffiths, 2000,
book). These were classified and arranged by Gell-Mann and Okubo in De-Couplets (J = 3/2, | = 0) and
Octets (J = 1/2, | = 0) with +1 parities (M. Gell-Mann 1962, S. Okubo 1962, V. E. Barnes et.al 1964). The
Gell-Mann / Okubo mass formula which relates the masses of members of the baryon octet (M. Gell-Mann
1962, S. Okubo 1962, V. E. Barnes et.al 1964) is given by;

2(my +m;)=3m, + m, 1)

While mass formula for de-couplets consists of equal spacing between the rows. The spaces are equal
to an average value — 151MeV.

M,-M_.=M_-M_=M_-M, (2

Gell-Mann (M. Gell-Mann 1962) used this formula and predicted the mass of the Q~ baryon in 1962,
equal to M, =1685MeV . Whereas actual mass of the Q™ hyperon is equal to 1672 MeV, observed in 1964

by V. E. Barnes et.al (V. E. Barnes et.al 1964). Their mass difference is only 0.72 %, or in other words it was
99% true guess.

Now let’s move towards baryon types made from the combination of four quarks, i.e. up u, down d,
strange s and charm c. These belong to SU(4) multiplets. The SU(4) multiplets numerology is given by

4®4®4=20, ©20, ©20, ®©4,(C.Patrignani et al, 2016).

The twenty particles having spin 3/2 and even parity +1 forming one of the SU(4) multiplets have been
studied in reference (Imran Khan, 2017, https://arxiv.org/abs/1709.09207). Now | am interested to study the
twenty particles having spin 1/2 and even parity +1 forming another SU(4) multiplet. These particles are in
their ground states, with | = 0. For simplicity, natural unit of the mass is used throughout this article that is
MeV, instead of MeV/c2.
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—'j‘”_ —++

Fig. 1 SU(4) 20-plet of Baryons (J/=1/2*) made of u, d, s and c quarks, with an SU(3) octet at the bottom (a) SU(4) 20-plet
of Baryons (J°=1/2*) in another style with different layers (b).

In the SU(3) framework the Gell-Mann / Okubo relation for the J° = 1 /2* Octets, equation (1) and the
equal spacing rule for the J* = 3/2* de-couplets, equation (2) work so nicely that we cannot abandon linear
mass formulae for baryons (R. Aaij et al, 2017). Same behavior of the mass splitting of the particles may also
be used to get expression for the particles having J° = 1 /2* and forming the multiplet in SU(4) as shown in
figure (1a). Figure (1a) can be viewed from another angle, as shown in figure (1b). It is distributed in four
different layers with increasing charge number.

=+ _om —++

ZU A (2454)

o
3

3037 MeV

1845 MeV

Average Mass " 19309 VeV
Fig. 2 SU(4) 20-plet of Baryons (JP=1/2*) made of u, d, s and ¢ quarks, with different layers and their average masses.

In figure (2) quark contents of the particles are replaced with masses of the observed particles. Average
of masses of particles in different layers with same charge number is written in front of each layer at the

—_

bottom right. Since =, and Q__ baryons are not discovered yet, therefore we cannot calculate average mass

of the layer with charge number +1. However we can approximate masses of these two unknown particles
with simple method, similar to the method used by Gell-Mann/ Okubo for SU(3) de-couplet. Average masses
of the particles in layers with charge number -1 and 0, are given by M.; = 1259 MeV and M, = 1845 MeV
respectively. Average mass of the particles in layer with charge number +1, M1 cannot be obtained due to
masses of two missing particles. Similarly average mass of the particles in layer with charge number +2, is
given by M. = 3037 MeV.
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Difference between average masses of the layers with charge number 0 and -1 is;
M, —M_, =586 MeV . Adding this value into the average mass of the layer with charge number zero (0),

i.e. Mo=1845 MeV gives; M, +586 MeV =2431MeV =M, . Similarly M ,, + 586 MeV =3017 MeV ~M,,
. Hence we can say that there is an equal spacing rule between these layers, given by;

M,-M,=M,—-M,=M,—M_ =586 MeV

3037 MeV
(3017)

(2431 MeV)
(586)
1845 MeV

Charge -1
Average Mass 1259 MeV

Fig. 3 SU(4) 20-plet of Baryons (J°=1/2*) made of u, d, s and c quarks, with different layers and their average masses and
some calculations.

2. Masses of the unknown particles

As shown in figure (3), since layer with charge +1 has missing two particles; therefore we cannot
calculate its average mass. Total mass of the six particles in this layer is equal to 11911 MeV. Average mass
of the layer obtained using the above method is equal to 2431 MeV. Therefore, total mass of eight particles
in the layer will be equal to 2431 x 8= 19448 MeV. Difference between calculated total mass of eight
particles and six particles is equal to 19448 — 11911= 7537 MeV. Hence sum of the masses of two missing

—

particles Z_, and Q_, will be approximately equal to 7537 MeV. But one particle =, will have the same

—++

mass as Z_ given by 3621 MeV, due to iso-spin symmetry, which is equal to 1/2h. Therefore mass of the

Q.. particle will be equal to 7537 — 3621= 3916 MeV approximately. Or in more precise form we can take

square-root of its value as uncertainty in the mass calculation, given by; Mass of Q. =3916+62 MeV .

3. Iso-Spin and its 3" component of the particles

—_ —++

In above paragraph it is stated that one particle =, will have the same mass as E_; given by 3621

—cc
MeV, due to iso-spin symmetry, which is equal to 1/2h. So we want to estimate iso-spin | and its third
component ls. SU(4) 20-plet of Baryons (J’=1/2*) shown in figure 1(a) may be presented in another style
as shown in figure (4). Here iso-spin | and its third component I3 are presented in following figures as (I ,

13).
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=1 I=1/2 1=1/2 i

Ec+‘(lil_)__._ 2 +(1,1) 5
c +.2
pH(1/2,1/
4(]‘]) -1
2.-1/ 2o(I\-1) &
no(1/2,-1/2) X 00.0)  Zo(1/2,112) §
(11 Z-(12-172) i

-
Charge

Fig. 4 SU(4) 20-plet of Baryons (J°=1/2*) in another style.

Here in this figure it may be observed that charge value in layers is increasing from bottom to top.
Iso-spin has also a definite value in any diagonal layer (from top left side) from top to bottom. It is found
from figure (4) that iso-spins of the undiscovered exotic hyperons E_, , £, and Q_, should be 1/2, 1/2
and Zero respectively. Similarly in order to find third component of iso-spin (I3) of these particles, the figure
(4) may be viewed from another angle, as shown in figure (5). It is observed that I3 of particles in diagonal
layers (from top right side) is decreasing by Y for each layer. By setting the values of | and I; for

undiscovered hyperons according to the above procedure, it is found that =, , Z; and Q.. have values
of I3 equal to 1/2, -1/2 and Zero respectively.

Y / Y

e E (1212 =212 s

1 decreasing -1)
A +(0,0) = E+(1/2,172) y
pr212)  ‘®Xi10) e o
® = @ 2+(1,1) -+1
= +(1/2,1/2)
no(1/2,-1/2) = b e
) e 0(1."‘2,1."‘2)
21,1 = 1/ -1/ el
(1,-1) Z41/2,-122 Charge

Fig. 5 SU(4) 20-plet of Baryons (J°=1/2*) for iso-spins calculations

4. Conclusions

In this article some characteristics of the baryons with JP= 1/2* forming multiplets in SU(4) have
been studied in an easy way. As a result some clues about the masses and other characteristics of the

unknown baryons have been obtained. Mass splitting expression for the baryons having spin J’=1/2* in
SU(4) multiplets have been obtained, given by;

M,-M,=M,-M,=M,—M_, =586 MeV .
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—

Masses of the missing particles = and Q.. have been found to be approximately equal to 3621 +
60 MeV and 3916+ 62 MeV respectively. Iso-spin and third component of iso-spin of undiscovered
hyperons E, , £, and Q. have been found using simple method. It is observed that Iso-spin and third

component of iso-spin (I, Is) of ;. , £ and Q. particles should be (1/2, 1/2), (1/2,-1/2) and (0,0)
respectively.
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To date, the mechanisms for the formation of cross sections for elastic scattering of heavy ions on
light nuclei remain controversial and require more detailed studies. In the differential cross sections of earlier
papers [1], weak oscillations are observed in the region of small and medium angles, while in the
backscattering angles they manifest themselves quite sharply, and with increasing energy of the incident
ion, the oscillations increase. A noticeable increase in cross sections in the region of large angles is also
observed. Such a behavior of the angular distributions of elastic scattering of heavy ions is difficult to
theoretical description within the framework of the standard optical model. It follows from this that, in
addition to the purely potential interaction, other mechanisms that must be taken into account in theoretical
analysis contribute to the formation of elastic scattering cross sections in these processes. In particular, it is
necessary to take into account the cluster structure of the studied nuclei and the mechanisms of cluster
transfer.

At the DC-60 accelerator of the INP RK (Nur-Sultan, Kazakhstan), differential cross sections for
elastic scattering of N ions on 0 nuclei were measured at energies of 1.5 and 1.75 MeV/nucleon in the
range of angles 30°-165° in the center of mass system [1].

The measurements were carried out using the 4E-E particle registration and identification technique,
based on the simultaneous measurement of the specific energy loss of a charged particle in dE/dx and its
total kinetic energy E. In the experiment, thin films of aluminum oxide (Al.Os) thick were used as targets
30-40 pg/cm?. The thicknesses of silicon detectors were 10 pm (4E - detector) and 200 um (E - detector).
The beam current ranged from 1 to 100 nA, depending on the scattering angle and the loading of electronic
equipment. All measurements were carried out at the measuring and computing complex of the laboratory,
the basis of which is a multi-dimensional process analysis system based on ORTEC and PC/AT electronic
units [2].

The analysis of angular distributions at energies of 21-76.2 MeV (together with published data [3])
was carried out in the framework of the optical model, the folding model, and the distorted wave method
using the FRESCO program. It should also be noted that we introduced two additional potentials in a
phenomenological way, exploring the sensitivity of scattering to the optical potential. From the analysis of
experimental data in the framework of the optical model of the nucleus and the folding model, optimal,
physically justified parameters of the optical potential (OP) of the interaction are found. The potential
parameters proposed in [1, p.174] were taken as starting OPs. In the framework of the distorted wave
method, elastic scattering was analyzed taking into account the contribution of the cluster transfer
mechanism, which showed that for 50(**N,®0O)“N processes in the region of large angles, the influence of
this mechanism on the formation of scattering cross sections is significant.
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AHHOTAIIMA

B cmamve npusodsmcs nepsvie Oanmblie NO 0e1bMA-31€KMPOHAM, HONYYEHHble C UCHONb308AHUEM
noaynposoonuxosoeo AE-E  Oemexmopa Ha cmanyuu enympenHux muuieneti Hyxnompona OHAU.
Hcnonvzosanvl mouxonnenounvie eHympennue muwenu AQ u CU, yckopenmwvimu yacmuyamu A6IA0OMCA
oetimponul. Hccneoosana eo3modicnocms ouaznocmuposanus ceemumocmu PA, dA- peakyuii ¢ nomowvio
O-971eKMpOHO8, eblaemalowux u3 enympennell muwenu Hyknompona. Ilonynpoeoonuxogulii demexkmop
pacnonodicen 6 nepedneii nonycghepe eHympenneis Muwent, noo noaspusim yeiom 64° k ocu nyuxa.
KnroueBble c10Ba: BHYTPEHHSS MHUILIEHB, ETbTa HIEKTPOHBI, ITOJIYIIPOBOAHUKOBBIN AETEKTOP, CBETUMOCTb.

1. BBenenue

IMpu npoBeieHnH QU3NIECKHX IKCIIEPUMEHTOB Ha BHYTPEHHEN MUIIIEHH € [IUPKYJIHPYIOLIMM ITy4KOM
AAep HyKHOTpOHa BO3HHUKACT HeO6XO,HI/IMOCTI) OINIEPATUBHOI'O KOHTPOJISI UHTCHCUBHOCTH B3aI/IMOl[eI>'ICTBI/I5[
IyYKa BO BPEMEHH C BHYTPEHHEN MUIIEHBI0. JIaHHAS BEIMUMHA TIPH €IWHUYHOM CEYEHHHU ONPEIENAETCS
KaK CBETMMOCTH peakimu Le (cM?: ¢t). Uncino perucTpupyeMbiX B €IMHUIYY BPEMEHH BTOPHMYHBIX YACTHUII
dN/dQ wu guddepennmanpaoe ceuenne ux poxaenus de/dQ mox yrimom 6 CBA3aHBI CIETYIONAM
COOTHOIIICHUEM:

L O) = L2 (0) (1)

HpI/I HMOHHM3alIMOHHBIX IMOTEPAX B KaAXIOM CTOJIKHOBCHHHU HpOHeTaIOHleﬁ YaCTUlbl C 3JICKTPOHOM
Cpelbl, B CPEJHEM €I TepseTCS OuYCHb HEOONbINas MOpIMsA dHEpPruu. M TONBKO B PENKHX CIydasx
nepefaeTcs 3HAYUTENbHAs JHEprus, T.e. oOpasyercs O-3nekTpoH. OTcCroa clenyeT 3aKiIoveHHe, YTO
OoutbIliast Iepeiavya SHEPTUH C 00pa30BaHUEM O-3JICKTPOHA OCYIIECTBISICTCS TIPH MasIbIX 3HaueHusX (b ~ a)
MPULETBEHOTO TTapaMeTpa.

CxeMa mapHOT0 KYJIOHOBCKOTO B3aMMOJICHCTBUS HAJIETAIONIECTO Spa € 3JICKTPOHOM MUIICHU MpPU
Pa3NMYHBIX MPHUIEIBHBIX Mapamerpax b npeacrarnena Ha Puc.1. 3nech Zp v Zy 0003HAYAIOT 3apsIbl saep
ITyYKa ¥ MHIIEHA COOTBETCTBEHHO; 3 M B — 3TO CKOPOCTH HAIETAIOIIETO SApa W DJIEKTPOHA MUIIICHU; 0, —
yroJI BBUIETA AIEKTPOHA U Ec.— ero KuHeTuuecKas S3Heprus Mocie B3auMOJICHCTBHS C SAPOM ITydKa.

Puc.1. Cxema 83aumooeticmsus Haremarowell 4acmuysl Ny4Ka co c6000OHbIM dIEKMPOHOM AMOMA BHYMPEHHel MUULEHU.

B ciyuae b < b, BnusiHEEM 107151 COGCTBEHHOTO siipa MUIICHH Zt MOXKHO IpeHeOpeds U npu o<
3JIEKTPOH MOKHO CUMTATh NEPBOHAYAIBHO MOKOAMIMMCS. B pe3ynbraTe B3anMOJEHCTBUS ¢ HAJETAIOMINM
SAPOM O - JIEKTPOH NPHOOpeTaeT 3Hepruro Ee, KNHEMaTHYeCKH 0OJHO3HAYHO CBSI3aHHYIO C YIJIOM BbUIETa
0. [1] :

2 2
y? —1)cos?6,
E=2m(— snecy y= 1/ (1-p? 2
e eyz—(]/z—l)coszee > al Y ( B) ( )

Ee BenmMuuHa cBA3aHa ¢ MPULEILHBIM MapaMeTpoM B3auMoeiicTeus (b) Bepaxkennem:
2me 18

Ee= (Zp)? BZ b2 )
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O6venunss (2) u (3), npu yuere doe = 2nbdb, momydaem:

2 3 2
do. = 2n(Z)2 220 40,= (Z,)? 25—

B* cos30, B_4cos3ee )
rae fe = 2,82-103¢m — kmaccuueckuii paguyc saextpona u yron 0 < 6. < 90°.

C yBennyeHneM 3HAUYEHUS MPUIEILHOTO mapamerpa (D) yroi BeuTeTa 3IIEKTPOHOB O, pubmKaeTcs
k90°u doe/dQe HAYHET OTKIOHATBLCS OT 3aBUCUMOCTH (4) U3-3a BIIMSHHUS TI0JIs1 COOCTBEHHOTO sijipa. Takum
00pa3om, B cOOTBeTCTBHU € Prc.1, 3-371eKTPOHOB HEOOXOIUMO PETUCTPUPOBATh HA T€X 3HAUCHHSX 0. yria,
IJI€ CIPaBEIMBO BhIpaxkenue (4), T. €. mpu < 90°.

2.MaTtepuajbl © METOTUKA
2.1. lerekTop

PazpaboranHpIii HaMH JETEKTOp 3apsbKeHHBIX dacTui [2], cocrosimuii w3 AE  u E - wacred,
npeHa3HavYeH JJIsl UCCIIeIOBAHUS BTOPUYHBIX YACTHII, BBUICTAIONIMX U3 TOHKOIUICHOYHBIX MUIIeHEH. [lis
AE - nerekTopa HCHOIb30BaH KpeMHUEBBIH 1uon S7478 - cepun (Hamamatsu) [3], c akTUBHOH 007acThIO
5x5 Mm? u Tonmmuoit 300 mxMm. E - nerexropom ciyxur CsI(TI) cuuatumnsarop ¢ anamerpom 15.8 Mm u
BeicoTol 30 MM, nmpocmarpuBatomuiicss  Si PIN nmuomom S3590-08 cepuum (Hamamatsu) [4] ¢ akTuBHO#
o6nacteio 10x10 mm? (cm. Puc.2).

.“,4 N
(*)

Puc.2. Cxema AE u E- oemexmopa: 1- AE (Si) demexmop, 2- PIN ¢homoouoo S3590-08, 3- CsI(Tl) neopeanuueckuii
CYUHMUIAYUOHHBII KpUCmani, 4- cneyuanvhulii memaninuveckuil kopnyce, PAIl u PA2 - 3apadouyecmeumenvHbie npedycuiument.

CneM curHama OT JAETEKTOPOB W mMojada mutanus Kk vuM ( +12V/ +50V) mpomsBogurcs uepes
BaKyyMHBIH pa3beM C MOMOIIbI0 KOAaKCHABbHBIX Kabemneil. [loaydeHHsIi OT AeTeKTopa CUTHAJ TepeaaeTcs
CHelnuaibHO pa3paboraHHbM Onokom mnpenycuiauteneii  (PA1 u PA2) B 3lEKTpOHHYIO CXeMy
AKCIIEPUMEHTAFHOW yCTaHOBKH.

[ToynpoBOTHUKOBBIN IETEKTOP OBLT YCTAHOBJICH B KaMepe BHYTPECHHUX MUIIICHEH MO MOJIIPHBIM
yriom 64° ot ocu myuka (cM. Puc.3).

Cranums BHYTPeHHNX
Mumenei

MYYOK

rd —
(AE—E) derextop 8 —\r\

1 |7 Saextponn

T

Puc.3. Pacnonoorcenue nonynpoeoonuxogozo AE u E - demexmopa enympu eaxyymnou kamepul yckopumens Hyrxiompon
OUAN.
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2.2. DkcnepuMeHT U MeTOIHKA

B sKcriepuMeHTax ¢ MOIyNPOBOIHUKOBBIM JIETEKTOPOM ObUTH HCTIONb30Banbl /Ag 1 2°CuU MuiieHu
¢ Tomuueoi 21 1 35 Mr/cM?, COOTBETCTBEHHO. DHEPIHsl YCKOPEHHBIX JEHTPOHOB ObLIa B MHTEPBAIE OT
326 MaB/u 1o 366 MbdB/H, ¢ unTeHCHMBHOCTBIO myuka l¢ = (7+7,9) x 10° 3a umki. Tpaekropus
nepeMenieHns: BHYTPEHHEH MHIIEHH BHYTPH Kosiblla HyKJIIOTpOHAa KOHTPOJMPOBANACh CIIEIMATbHOM
mporpaMMoit [5], 4YTOOBI BIMSHUE MHIIEHH Ha MPOXOMAAIINHA Iy9OK NEHTPOHOB OBLTO MHUHUMAIBHBIM U
MPOCTPAHCTBEHHO- BPEMEHHBIC XapPaKTEPUCTUKH MyYKa HE MEHSUIUCH.

B npoBeeHHOM 3KCnepUMeHTe CKOPOCTH HAJICTAIOIIETO S/APpA M 3JIEKTPOHA COOTHOCATCS Kak f§, >>
Be W DHEPIHUs HAJIETAIOIIETO JASUTPOHHOTO IyYKa HAa BHYTPEHHIO MuIieHb (°Cu, 4/Ag) umena 3HaueHus
Eq=326 + 366 MbB/H. [lJ1s1 BbUIETAIOMUX W3 MUIIEHH 01 yriioM 0e= 64° nenbra- 21eKTPOHOB UX HEPTHSL,
COOTBETCTBEHHO, cocTaBisieT Es~ 98 + 107 x3B. lnsg ykazaHHBIX SHEPruil HaJeTarolero AEHTpOHa,
middepeHIpaapHOE ceueHne 00pa3oBaHus O - SIEKTPOHOB IO YTIIOM 0.=64° cocraBnser do/dQ)e=
(3,94 + 4,63) 6apu -cp™.

[MonyueHHsle dKCepuMeHTabHbIe Janubie it 2°Cu u Y7/Ag  muieHei GopmupyOT TpH
paszzenbHbIe 00acTH yactul — Cut 1, cut2 u cut3, cooTBeTcTBYIOIIKE TPEM THUIIaM YacTHl. bosee ueTkoe
paszerneHue pazHbIX TPYI YAaCTHIl MOXKHO ITIOJIyYUTh HOPMHUPOBKOW JAHHBIX Ha CpEJHUE B3BEUICHHBIC
3Ha4yeHust dE u3 obmactu cut 2 (mpotoHsl). Ha puc. 4 4eTko BUIHBI TPHU TPYIIIBI YaCTHII, KOTOPBIE MOYKHO
anmnmpoKCUMHPOBAaTh CyMMOHN Tpex (yHkimii ['aycca u ompenenuth TrpaHuilbl obmacteit. s kaxmou
IPyNIBl YacTHL, KOTOPOH COOTBETCTBYET cBOs (yHKuus [‘aycca, MOXKHO BBIYMCIMTH X KOJIMYECTBO,
HarpuMep, BBIYMCICHUEM CYMMBI YacTHIl B KaXIOM JKCIIEpUMEHTanbHOM OuHe. KonmyecTBo vacTwil B
OTACTEHOM OWHE OepeTcst paBHBIM 3HaUYCHHIO (GYHKITMH ['aycca B cepeauHe 3Toro OuHa.

Ag, E._ = IZEMeVin

E:--—?::

g

g

L s nsnsnansanans

dE. channel

8

£

Puc.4. dE - E 3asucumocme sxcnepumenmanvhoix oannvlx 0 AQ muwenu npu snepeuu oetimponos Eq =326 MaB/n.
Junuamu o0beoosmea mpu obaracmu, coomeemcemeyrouue 3-m munam yacmuy: CUut I — anexkmponsl, Cut 2 — npomonsl, Cut 3 —
Oelimponbl u bonee msdicenvie Yacmuybi.

3. Pe3yabTaThl M 00CyKIeHHe
3.1. JkcnepuMeHTAJIbHbIE TaHHbIE

Hike B Ta6.] npuBeIeHBI DKCIIEPUMEHTATBHEIE JaHHbIE (KOIUYECTBO JIIeKTpoHOB) s 2°Cuu /Ag
MHUILIEHEN /Ul Pa3HBIX YHEPTHUil mydKa AeHTpoHOB (0= 64°) .

Ta6.1: Konuuecmeo szapecucmpuposannsix na E- dE cosnadenus oenvma-nexmponos, eviiemarowux uz Ag u Cu muweneii
0N pasuplx Inepauil deimponoe nyuxa Hyknompona

Ag, d(MsB/n) 326 334 340 342 356 360
Ne (371EKTPOHBI) 900 1300 1100 1100 880 850
Cu, d(M>3B/n) 350 352 356 360 366 372
Ne (351€KTPOHEI) 500 450 440 500 550 350

Bpewms HaOopa maHHBIX, TpuBeneHHBIX B Tal. 1, s pa3HbIX SHEPTHil IEHTPOHOB pa3IUdaeTCs.
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OsxnmaeMblil BBIXOJl 3JIEKTPOHOB PACCUUTHIBACTCS 110 YKa3aHHOW CXEMe:
1. Omnpezensercs: KOJIMYECTBO JIEKTPOHOB, MOMATAIONIMX B eIUHUIYY BpeMeHH B 1eTeKTOP Ne/tysy;
2. Bomancstercst obmiee komuuecTBo 3aeKTpoHoB UNe/d(), (0c), BBIIETAIOMNX U3 MUIIEHH IO YTIIOM
e = 64° ¢ yuerom yriosoro akcenranca (1,6 x10° crepan.) nerekropa.
[Ipu M3BeCTHOW TOMNIIUHE W MaTepualie MHUILICHH, a TaKkKe HHTEHCUBHOCTH No(MMII/cek) my4Ka,
O’KHJIaeMO€ YHCJIO 3JICKTPOHOB BBUIETAIOMINX O] yriioM O, onpenensiercs popmyioit [6, 71:

dN,
dn,

Z doe
(Ge)=t-A—Z-6-1023-N0- ;e(ee), (5)

d

rae t — Tonmunaa Mutenu (2/cm?), zi u Ar — 3apsijl 1 aTOMHBIN BEC MULIEHH.

C 1pyroii CTOPOHEI, 3HAS YHCIIO PETUCTPUPYEMBIX B €IUHHITY BpeMeHr BTOpHYHbIX vactul] (AN/dQ)
n muddepernmanbaoe ceuenue (do/dQ) ux poxaeHus mox yriom 0., MOKHO ONPEACIUTH YCPEAHCHHYIO 3a
BpEMsI [IUKJIAa CBETUMOCTD peakuuu Lc(cM2cl) mo cooTHOmIEHHO:

dN,

He)=LTz 2 (0, (6)

do,

Pacyersl oxupaeMoro 4yucia BbIXOAa O - OJICKTPOHOB M3 BHYTPEHHEH MuIlIeHH (TIpH e
B3aUMO/ICHCTBHH C IIyYKOM JAEHTPOHOB) MO 3KcrepuMeHTaIbHbIM JaHHBIM Ne (€XpP.) 1 o popmyite (5) Ne
(calc.) mamu pe3ynbTatel, mpeacrasicHusie B Tad. 2 u 3:

Tao.2: IkcnepumenmanvHole U pacuemusle 6bIX00bl O-171eKMPOHOE U3 6HYmMPEHHell Mulienu cepeopa npu
PA3IUYHBIX 3HAYEHUAX IHEPZUU OCUMPOHOE

Ag(MeV/n) 326 334 340 342 356
Ne (exp.) 8,93 - 104 1,02 - 10° 0,99 - 10° 0,93 - 105 0,87 - 10°
Ne (calc.) 1,77 - 108 1,79 - 108 1,68 - 108 1,67 - 108 1,59 - 108

W3 nmosy4eHHBIX JaHHBIX MOXHO 3aMETUTh, YTO COOTHOLICHHE 0’KHAAEMOI0 BBIXOJA 3JIEKTPOHOB
Ne(calc.) - BblumcasieMoro mo  ¢opmyne (5) K KOIMYECTBY — OJICKTPOHOB, — OINpPEIEIIEMbIX
IKCHIEPUMEHTAIBHBIM IyTeM Ne(EXP.) AJIs1 OAHOTO THIIA MUIIEHHU ()AKTUUECKU MMOCTOSIHEH M HE 3aBUCHUT OT
sHeprud Haneraomux sjep. s 4/Ag MUILIEHH 3TO COOTHOIICHHE PABHO:

Kag = Ne(calc.)/ Ne(exp. ) = 1803 + 80 @)

Tab.3: IkcnepumenmanvHvle U pacuemuvle 6bIX00bl J-)J1eKMPOHOE U3 HYMPEHHEl MUMEHU MeOU NPU PA3TUYHBIX
3HaUeHUnX IHePIUU OeiiMPOHOG

Cu(Mev/n) 350 352 356 360 366
Ne (exp.) 434 - 10 3,910 3,92 104 423-10* 4410
N (calc.) 3,07- 108 3,0- 108 2,99 - 108 3,14 - 108 3,08 108

HOCKOHLKy CBCTUMOCTH peaKHI/II/I Hp}lMO HpOHOpHHOHaﬂLHa O)KI/I,HaeMOMy BI)IXO,Hy 3J'IGKTpOHOB:
L. (calc)/ Le(exp.) = Ne(calc) / Ne(exp.) (8)

TO MOXXHO HaIlKcaTh, YTO CBETHMOCTH OIpeAeisieMas Mo O - 3JeKTpoHaM L.(EXP.) u UCTHHHAS
cBeTHMOCTh OAQ — peakiny CBsI3aHbl COOTHOIICHUEM:

L{(dAQ) = Kag % Le(exp.) = (18034 80) - Le(exp.) (9)

u k03¢ purment Kag npakTniecky He MEHSETCS ¢ M3MEHEHHEM SHEpPIHU HaJeTaoIIuX JeHTPOHOB.
Jis 2°Cu mumenn ko3¢ uiment Koy OyaeT IpyruM U TOKe He 3aBUCHT OT SHEPIHH HAJIETAROIINX
JNEUTPOHOB:
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L(dCu) = Kcu % Le(exp.) = (7352 + 220) - Le(exp.) (10)

Ha Puc.5 npuBeneHbl cBETMMOCTH peakLMd, ONpPEACTICHHBIE MO 3KCHEPUMEHTAIbHBIM JaHHBIM,
MOJTIy4YE€HHBIM OT MOJIYIpPOBOJHUKOBOrO E- AE nerexktopa ans pa3HbIX dHEPruil HaleTaIOUINX JEHTPOHOB.
YMHOXkasi 3TH 3HAYEHUs CBETHUMOCTEH Ha COOTBETCTBYIOIME JKCIEPUMEHTAIBHO OIPEIEICHHBIE
K03((PULUEHTBI, MOXKHO MOIyYUTh HCTHHHYIO CBETUMOCTB pA-, dA- peakuuii.

!
l { mCu
1.6

i ———

0.2

—

320 330 340 350 360 370
E d- MaB/m

Puc.5. Ceemumocmu, onpedenennvle no skcnepumeHmanvHoim — oannvim om AE u E- demexmopos, me. no deroma -
onexkmponam 0as dAg - u dCu - peaxyuii.

Hanpumep, mons3ysch fanabiMU Tab. 2 v 3, MOXKHO ONPEASTUTh CBETUMOCTE (cM. puc.5) s dCu
-peaxiuu ( ipu Eq = 360 MaB/H):

L= (1,18 + 0,12) x10% cmt-c? (exp.) (11)

ecnu cBeTUMOCTh L. (11), ompeneneHnyto 1Mo AenbTa - IEKTPOHAM, YMHOXXHTH Ha Kod(PuiiueHt
Kcu, TO IOJIyYHM UCTUHHYIO CBETUMOCTD PEAKLIUH:

L (dCu) = Kcy x Le=(0,9 £ 0,03) x10% cm™-c?  (12)

Jnis IpoBEpKH TOJyYEHHBIX JaHHBIX ¢ MOMOIIBI0 mporpamMmbel RQMD 2.3 Oputo mpoBeneHo
monemuposanve  dCu peakiuu npu sHeprun Eq = 360 MoB/H. Beuto monydeno 3x10° Bropuunsix
HPOTOHOB, M3 KOTOPBIX B yrioBoii pacteop (64 + 0,4)° akcenranca Hamiero aerekropa Jerst 17719
nporonoB. Ceuenune Heynpyroro dCU B3aumoseiicTBust coctaBisier 2 0apHa. AHaIM3UPYys BTOPUYHBIC
NPOTOHBI, 3apPETrHCTPUPOBAHHBIE B SKCHEPUMEHTE HAIIMM NETEKTOpoM, HpH 3Heprun Eq=360 Mb>B/H
CBETHMOCTb peakiuu Ly mist dA - B3auMoieiicTBHil MOJTydnIiach paBHO:

p=(0,49£0,01) x M
L, = (0,49 + 0,01) x 10% cmt-¢? 13

B 3Ty oneHKy CBETUMOCTHU IO MPOTOHHOMY KaHally HE BXOJWIM IMOTEPU NPOTOHOB. B pesynbrarte
3HaueHUE CBETUMOCTH 110 (13) Moy4rioch HEMHOTO MEHBIIIAM, Ye€M CBETUMOCTH IO JIEIbTA -3JICKTPOHAM

(12).
3akirouenne

B 3akimoueHnH MOKHO OTMETHTD CIICIYIONTHE 00CTOSATEILCTBA:

- KaK CIeIyeT W3 DKCICPUMEHTAIBHBIX JIaHHBIX, JUIA OAHON W TOW K¢ MUIIEHH Ko3pdumueHT K
MTOCTOSTHEH U ¢ U3MEHEHHUEM DHEPTHUU HAJICTAIONINX JCHTPOHOB HE MCHSICTCS;

- MIPU TPOBEICHUM TMOCHEAyoNuX skcrnepumMeHToB ¢ AE u E - getexTopom, yBenmuauBas BpeMst
M3MEPEeHHUs JaHHBIX U MOAOUpPAast SHEPTHIO HAJETAIOIINX ASUTPOHOB B MIMpoKoM AuamnazoHe (ot 100 MaB/a
1o 2000 MaB/H), MOKHO ¢ OOJBIION TOYHOCTHIO OMPENeNuTh Kod(hdumeHT K 1 KaKaA0l BHYTpEeHHEH
mueHu HyknoTpoHa;
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- JUIA HaIllUX yCJIOBHUH 3KCIIEPUMEHTa Ha BHyTpeHHel muieHn Hyknorpona, 3Has ko3¢ dunment K
W MaTepuasl MUIIEHH, MOXXHO IO BBIXOJY J€JIbTa-3JEKTPOHOB OIpPENEeNiTh CBETUMOCTh PEaKIUM s
JFOOBIX HEPTUH U TUIA YCKOPSIEMBIX YaCTHUI] YCKOPHUTEIS.
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OBPA3OBAHME n-ME3OHHBIX SIIEP B d(*’C) - B3AUMOJEMCTBUAX
HA YCKOPUTEJIE HYKJIOTPOH

Hramkyaos! 3.A., Apanacwes® C.B., [psaouaos’ JI.K., Manxaxos! A.H.

LO6weounennviii uncmumym s0epvix ucciedosanul;
r.Jlyoua, 141980, P®, gamkulo@lhe.jinr.ru (MockoBckast 06:1acTh, r. JIyoHa, yin.)Komuo-Kiopu 6).

AHHOTAIUSA

Ilpedcmaenen ananuz KCNepUMEHmManbHblX OAHHBIX, KOMOpble ObLIU NOIYUeHbl HA GHYMPEHHel MUuleHU
Hyxnompona npu noucke céazanno2o cocmosanus 1n-wesoua u aopa muuwienuf1]. Paccmompeno ¢popmuposanue
n-me3zomno2o aopa 6 d + 2C peaxyuu npu snepauu oetimponos 1.5; 1.9 u 2.1 ['5B/u. [Jannvle 6oiau nonyuens
no npooykmam pacnada S11(1535)-pezonanca, obpasyiowezocs ¢ pezyromame 3axéama 1-me3ond 8 s0po
muweny. Omoéop u pecucmpayust noaesuvix ‘coobvimuil” OblIA NPOGEOEHA ¢ NOMOWBIO CYUHMUIIAYUOHHO2O
cnexkmpomempa CKAH-2. Jlana oyenxa snepeuu ceszu $11(1535)-pesonanca u n-mezona é sope muwienu.
KnioueBble c10Ba: BHYTPEHHSISI MHUIICHB, 9Ta-ME30HbI, PE30HAHCHI, SHEPTUs CBSI3M ME30HOB M PE30HAHCOB.

1. Beeaenne

OTa-ME30HHBIMU AApaMH (yA) NPUHATO Ha3bIBaTh CHIBHO CBA3aHHYIO CHCTEMY 1)-ME30HA M siApa
[2,3]. [Ipu B3aumopeWcTBUU ¢ AapoM (Y, T, €, p) - YAaCTHI WJIM HOHOB BBICOKOW IHEPTUHM  MOXKET
oOpasoBatbes (A) - cHCTEMa B pe3yJsbTare ‘‘3axBaTa’” MEIJICHHOT'O 1)-ME30Ha Ha OJHOM U3 HyKJIOHOB siapa
(cm.Puc.1).

Puc.1 [lea cocmosnus sma-me3o0nHo20 sopa: cresa - ¢ S11(1535) - pesonancom enympu sadpa (a);
cnpasa - ¢ ama-me3oHom (6).

[TockonbKy 1M-ME30H HE HUMEET 3JIeKTPUUECKOro 3apsna, OH HaxXoIsACh B MOJIE sapa, oOpasyer
KBa3UCTaOWIBHBI YPOBEHh B OTOM TIIOJ€ B pe3ylbTare CHIHHOTO B3aWMOJEHCTBHS C sAapoM. Bo
B3aUMO/ICHCTBUH T|-ME30HA C SIICPHBIM HYKJIOHOM MOXeET poauThest S11(1535)-HyknoHHBIN pe3oHaHc [4].
DTOT pe30HaHC uepe3 HEKOoTopoe Bpems (T = 3-1072%¢) pacnanaercs BHyTpH aapa 10 KaHanam Si11(1535) —
(m + N) wmu (n+N) c BepostHocteio (W = 0.5/0.5). Pomb S11(1535)-pesonanca B oOpa3oBaHuU 3Ta-
ME30HHOTO si7ipa (TIpH S3HEPTUAX 1-Me30Ha < 50 MaB) sBrsieTcst ToMUHHPYIOIIEH, TO3TOMY 3Ta-Apa MOXKHO
NPENCTaBUTh B BH/C IIETIOYKH BO3HHKAIOIMMX M pacnamarommxcs S11(1535)-pe3oHaHcoB BHYTpU spa
MHIIICHH [5]:

N+N—->Su—>n+N—->Sy - ...>n+N (1)

OTa 1enoyka MOKET 3aKOHYUTHCS TOCIE HECKOJBKUX OCIHWULALHNA, €CIH OYepeHOM pacman
S11(1535) pesonanca mpowusoiiger mo nN-KaHaay W 3Ta Iapa 4acTull, 00Jiaaast JOCTaTOYHO OOJIBIINMHU
SHEPTUSAMH, CMOTYT BBUICTETh U3 sIpa.

2. MeToauka 3KcrniepuMeHTa

Wsmepsiss dHEpTUIO BBUICTEBIIMX W3 BHYTpeHHe#d MmumeHn Hykmorpona m u N mapsl, MOXHO
onpeneuth Eg¢(S11)-sHepruro cBsizu u ['g(S11) - mmpuHy A 1-ME30HHOTO Spa, COJIEPIKAIIETrO0 B CBOEM
cocrase S11(1535) HykmoHHBIi pe3oHanc. B pabdote [1] 6110 Hccae10BaHO (GOPMHUPOBAHIE ITa-ME30HHOTO
anpa B d + 2C peakiuu B uHTepBaie sHepruii 1.5 + 2.1 I'5B/H nyuka aelitponos Hykiotpona B peakiuu:
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d+C o> Ay +...oT +p+.., (2)

rae Az— sIpa-0CTaToK YrJepOHOM MulleHn, co3naBaeMbiii B d + 12C cToJIKHOBEHHH.

[TapHbIe 3apsHKEHHABIE YaCTHIIBI (TP ), JETAIINE MO MPSIMBIM YTJIOM K ITyYKY U B IIPOTHBOTIOIOXKHBIX
HanpasieHusx aApyr ot apyra (~180° B 11.c.0), peructpupyrorcs aByxiuiedeBbiM criekrpomerpoM CKAH-2
(cm.Puc.2) [6]. OOpasoBaHmeM T)-ME30HHOTO sapa OyAeT paccMaTpUBAThCS TMOSBIEHHE NHKa B
SHEPTETHYECKOM CIIEKTPE KOPPETMPOBAHHLIX (T p)-mlap ot pacmana S11(1535)- pesonanca.

Puc.2 Cxema skcnepumenmanvhou ycmanosku CKAH-2: Hw - konvyesoti 32-onemenmmusiii 200ockon; P1, P2, P3 (K1,
K2,K3) —bbicmpoie cyunmuinisiyuonnvle cuemyuxu epemenol npugsasku, P4 u K4 — cyunmunnsyuonnvie cuemuuxu 601uo2o
obvema,; P5 u K5 — cyunmunnisiyuonnvie cuemyuru yvacmuy ¢ 6onrvuum umnyascom, Cpu Ck — uepenkosckue nopozoguvle cuemuuxu
svioenenus nuoros; B, FL u Br, Fr — yemvipe nabopa cuemuuxos-monumopos.

Jns pazneraronuxcs mp - mapsl yacThil 3(pQexTHBHAS Macca olleHnBanach Meto oM MonTe-Kapio,
MyTeM TeHepaluu COOBITUI COOTBETCTBYIOMIMX K peakuuu (2). IlomspHblid yron BbUIeTa Maphl YacTHIL
nono6pan =~ 180° 3a cuer TpeOGOBaHUs JBYXYACTHYHOTO TPUrrepa. B dKCIEpUMEHTE PErHCTPUPOBAIOCH
OIHOBPEMEHHOE TIOTalaHue BTOPUYHBIX YACTHI, pasieTaronmxcs noja yrioMm B 1800 B 1.c.0. DHepruio u

BBIXOJ[ JIByX YaCTHYHBIX COOBITUM W3MEPSIIH 1 3HayeHui yriaos Ony = 180° (perucrpanus sddekra) u
Onn = 170° (poHOBBIE U3MEPEHHS).

3. Anaim3 IKCIIEPUMEHTAJBHBIX JTaHHbIX

PaccmoTpum nosyueHHbIe B padboTe [1] pe3yapTatsl Mo 3 GeKTHBHBIM MaccaM 7T - mapbl B 00J1aCTH
pe3onanca S11(1535) 11 pa3HBIX SHEPTHIA HAJICTAOIIETO MyYKa JCUTPOHOB:

- ipu dHEpruu nepBudHOro d - myuka 1.5 T'9B/H muk criekTpa 3G PEeKTUBHBIX MACC TP - Maphl UMEET
xapakTepucTuku <Mes> = (1480 + 18) MbB/c?, a ee mmpuna pasna 23 MaB/c? (cm. Puc.3. a);

- Toke camoe it SHepruu Eq = 1.9 I'3B/u nokaseiBaer 3nauenus <Me> = (1493 + 4) MaB/c? u
wupuny 38.3 MoB/c? (em. Puc.3. 6);

2 — 1820
< Ed= 1.5 T >B/m
p=d
=
? 2
5-2 . . . .
= L =3 xC» L S0 I.l":-l"lt) 17O
§ M opp, MaB /e a)
1 =3
5 1=
5 10 E— 1.9 I'aB/n
= o
= S — 180
=+
= et o ey
130 1 SO0 L S CrCN L 7O 1800
M err, MaB/c2 5>

Puc.3 Dpdexmuenvie maccor wp-naper yacmuy om pacnaoa  S11(1535)-pezonarca

05l dHepUll HALeMmaujeco
nyuka oeumpornog 1.5 I'3B/u (a) u 1.9 I'>B/u (6).

- IPY SHEPTUHU HasleTaomero mydka Eq = 2.1 ['3B/u nonyuen nuk Ha otmerke (1481 + 8.4) MoB/c?,
a ero mwmMpuHa paBHa (47 + 9) MaB/c? (cum. Puc.4).
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Integral 504
¥ | ndt 6.339/ 15
Constant 81.82 + 13.65
Mean 1481 +8.4
Sigma 47.12+9.23

1400 1450 1500 1550 1600 1650 1700

M4 - MaB/c?

Puc.4. Cnexmp s¢ppexmusnbix macc omobpannwix cobvimuil (rp-napwv) om pacnada S11(1535)-pesonanca ons snepeuu
nyuka oeumponog 2.1 I'5B/n.

Bocrosib3yeMcst NpuBeICHHBIME BBIIIE TAaHHBIMH B HAIIUX OLCGHKAX OSHeprerndeckoro casura AE
MOJIOKEHUsSI MaKCUMyMa pacrpezielieHus cyMMapHoW sHeprud E(m+p) oT pacnajga CBSI3aHHOTO B SIpe
$11(1535)-pe3oHanca MO CpaBHEHHIO C [OJOXEHHEM MAaKCHMyMa aHaJOTHYHOTO pPaCIpeaesIeHHsI
cBoboHOrO S11(1535)-pezonanca. BennunHa SHEPreTHUECKOro CIBHUra JUis TPEX 3HAUCHUI HAJICTAIOIIETO
nydka geiTporoB st S11(1535)-pe3onanca MOMyYHIOCh PaBHOI:

1. AE = 1535 M2B — (1480 = 18) MoB = (55 + 18) M>B  nipu Eg= 1.5 T5B/k;
2, AE = 1535 MaB — (1493 + 4) MB = (42 + 4) M>B npu Eq= 1.9 T5B/k; 3)
3. AE = 1535 M5B — (1481 + 8.4) MoB = (54 + 8.4) MoB  nipu Eg=2.1 T'5B/x.

CwMmermenvie 1o 3Hepruu Ha AE o03HavaeT, 4To Ha 3Ty BEMMUYMHY H3MeHMIach macca Si1(1535)-
PE30HaHCa, CBSI3aHHOTO B SIAPE MO CPABHEHHIO C MacCOM CBOOOTHOTO M HE CBSI3aHHOTO B siape  S11(1535)-
pe3onanca. Kak BHOHO W3 MOJy4eHHBIX AaHHBIX, Ui sHepruid Eq = 1.5, 1.9 u 2.1 ['3B/H 3nauenus AE
TIOJTYYIJTACh OJM3KuMH, B cpemaeM (50.3 = 10) MaB u w1 ganpHEHIIUX pacdeToB OepeM 3TO CpemHee
snauenue. IlorpemHoctd B u3Mepenuu casura mo sHeprun AE s S11(1535)-pesonanca B sipe
OIICHUBACTCS TOYHOCTHIO W3MEPEHHS BpeMeHH mposiera 4dacTull B cnekrpomerpe CKAH-2, a Ttakke
MOTPEITHOCTHIO B PEIICHHH 00PaTHOM 3a/1auH.

Ipenmomnaras, uro macca S11(1535)-pe3onanca ecTh pe3yabTaT CIUSHHASA MAcC 1)-Me30Ha M HYKJIOHA
B siIpE YIIIepoa, W 4TO DHEPTHUS CBS3HM HYKIIOHa AM = 7.6 M»B, MOXHO MMOJIy4UTh OIIEHKY SHEPTUU CBSI3U
T-M€30Ha B SJIEPHOM Cpejie:

Am(n) = (50.3 = 10) MaB — 7.6 MaB = (42.7+ 10) MsB  (4)

Takum 00pa3oM, TOTYUHITH CIIEAYIONIHE 3HAYCHUS SHEPTHi CBsI3H (Medekra macchl) mst S11(1535)-
pE30HaHCa U 1-Me30Ha B SIIEPHOI cpejie:

Eq4(S11) = (50.3 = 10) MsB 5)
Eg(n) = (42.7 £ 10) MaB (6)

[IuprHa nuKa OT pacmaza m'p- napsl B cuekrpe 3G eKkTHBHBIX Macc, B CpeIHEM JUTS TPEX 3HAaUCHHH
3Heprui 1eTpoHoB coctarisaeT ~ (36.1 + 9) MaB.

3akJjroueHue

B 3akimodeHun clieyeT OTMETUTh, YTO XOPOIIUE PE3yNbTaThl aHATM3UPYyEeMOW paOboOThl  CBSI3aHEI
NPEXIE BCErO: C MPaBWILHBIM BHIOOPOM METOAA MACHTU(UKALMH 1)-ME30HHBIX SZIEp, a TaKKe BHIOOPOM
MOXOJIAIIMX PEAKIUK U YCIIOBUI NMPOBEACHHUS SKCIIEPUMEHTA, UCIONb3oBanueM criekTpoMerpa CKAH-2,
MMEIOIIET0 BpeMeHHoe paspernreHue ot ~ 0.15 +0.2 Heek.

Ouenka BenuumHbl nedekra mMacesl S11(1535)-pe3onanca u n-Me30Ha, CBS3aHHBIX B sIpE, Al
3naueHust Eg(S11) = (50.3 £ 10) MaB u  Eg(n) = (42.7 £ 10) MsB cootBerctBerHHo. Ha cmektpe
3 PeKTUBHBIX Macc TP - mapel OT pacnana S11(1535) - pe3oHaHca Mody4eH NHK B CPEIHEM Ha OTMETKE
(1484.7 + 10) MaB/c?, a ero mmpuHa B CpeHEM BhIlLIa paBHoii ~ (36.1 £ 9) MaB.

ITo ouenkam pa®oT pa3HBIX aBTOPOB, OXKHUIAEMBIC SHEPTUH CBSI3U U IIMPHUHBI cocTaBisoT ~10—20
M5B u ~ 30 M»sB cootBerctBenHo [7, 8]. Haitie 3HaueHre NIMPUHBI COBIAIACT C MPEACKA3aHHBIMU, HO IS
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SHEPTUU CBSI3M HAIIM JIAHHBIC MOJYYAFOTCS 3aBBINICHHBIMH. B03MOXHO, 3TO OBIIO CBSI3aHO C HATHMYUCM
HEKOTOPOT0 UMITYJIBCA, IMEIOIIETOCs Y MpakTHUecku mokosierocst S11(1535)-pesonanca.
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AHHOTAIUSA

MrwooHnbl  KOCMuyecKux —Jyyell  AGAAIOMCA  8bICOKOIHEPLEMUUECKUMU — 3APANCEHHbIMU — YACMUYamu U,
C1edo8amenbHoO, eCimb 8ePOSIMHOCHb, YMO OHU MOZYM PA3PYWUMbL CIMPYKIYPY MEEpObIX mesi Py NONAOaHUU.
Hmenno smo ceolicmeo MIOOHO8 NpUBENO HA MbICAb, YMO UX MOMNCHO UCHOIb308aMb OJil NPOSHO3A U
MOHUMOPUHSA 3EMAEMPCEHUU 6 CeUCMUYEeCKU aKMUBHbIX 30HaX. MIOoHbL npu npoxodicOeHuy 8 3eMHOU Kape
noposcoarom wupokuti ammocgeprutii ausens (LLAJI) u vacmuywr [HAJI npu é3aumodeticmeuu ¢ amomamu
onpedeneHHbIX NOPOO MO2Ym paspywium ux CMpyKmypy u 6 pe3yibmame 3mo paspyuileHue (mpewjusi)
€conposodcoaemcs aKycmudeckumu sghgexmamu.

KiroueBble ¢ji0Ba: MIOOHBI, KOCMHYECKHUE JTyIH, MOHUTOPHHT, 3eMJICTPSICCHNE, aKyCTHKA.

1. BBenenue

[IporHo3 1 MOHUTOPUHT CEHCMUYECKONH aKTMBHOCTH MECTHOCTH TpEACTaBiIsAeT co00il aKTyallbHYIO
nmpo0JieMy COBpPEMEHHOH ceiicMonioruu. HepemieHHON mnpo0yieMoil TpaJMIMOHHON CefcMOoNIorHu K
HACTOSIIIIEMY BpPEMEHH OCTaeTCcsd BBIJEICHHE W3 TIOTOKA PETUCTPUPYEMOW MHOTOYHCICHHBIMHU
CeCMHYECKUMH IaTYMKaMH UH(POPMaIMK CTPOTO ONPEAEICHHOT0 CUTHANA O MPUOIMKEHUH KOHKPETHOTO,
JIOKAIM30BAaHHOTO BO BPEMEHHM W TPOCTPAHCTBE, KaTacTPO(PUUECKOTO 3eMIIETpsICeHUs. Takoil CHUTHAI
0OBIYHO TEPSEeTCs HA MOCTOSHHOM (POHE OT OOJBIIOTO YKCIa HEOOMBIUX U HEOMACHBIX 3EMIICTPSICCHUH, a
TaK)kKe MaCKUpyeTcs QIIYKTYyaIlldsIMH KPYITHOMACIITA0HBIX T€OMHAMHYECKHX TPOIIECCOB, W, KaK MPaBHIIO,
0 ATOW MPUYMUHE OH OOHAPYKUBAETCS TOJIBKO MocTdhakTyM. B maHHON paboTe Mbl pACCMOTPHUM HOBBIH U
YHUKaJIbHBIHA METOJ 1JI1 MOHUTOPHUHTA CEUCMUUECKON aKTUBHOCTH B CEMCMUYECKHU aKTHBHBIX 30HAX.

2. MeToa HcceI0BAHUSA

B 90-¢ roap! yuensimu u3 Guzudeckoro uncruryra um. [1. H. Jlebenesa u MuctuTyTa dDusukum 3emiy,
ObUI TIPEUIO’KEH HOBBIM METOJ IIPOTrHO3a 3EMJICTPSICCHUH, a TOYHEE HCIHOJIb30BaHHME MAJsl HMPOTHO3a
3eMIJICTPSICCHUI CUTHAJla OT YNOPYrHX KOJIeOaHWH B AaKyCTHYECKOM JHana3oHe YacTOT, KOTOpHIE,
MPEATNOJIOKUTEIBHO, MOTYT T€HEPHPOBATHLCS IO BO3JEHCTBUEM JIOKAJIbHOM MOHM3ALUHU, 00pa30BaHHON B
MOMEHT MPOXO0XKIEHHUS MPOHUKAIOUINX YACTUI] KOCMUYECKOTO M3IYYEeHHsI - MIOOHOB BBHICOKON 3HEPTHUH, -
gepe3 CEHCMUYECKH HaNpsOKCHHYIO Cpely B TIIYOMHHBIX CIOSX 3eMHOM Kopwl (1). OCHOBHAS Hiest dTOTO
METO/a WUTIOCTPUPYETCS pUCYHKOM 1.

B cnyuae, ecin Ob1 Takoil OAXO0. OKa3ajcCs OCYLIECTBUMBIM, 30HAUPOBAHUE 36MHON KOPBI IIy4KOM
MIPOHUKAIOUINX 3HEPTUYHBIX MIOOHOB, TIOCTOSHHBIM MCTOYHHKOM KOTOPBIX SBJISIIOTCS KOCMHUYECKUE JTyUH
BBICOKOW JHEPruH, IMO3BONMIO OBl BECTH HEMOCPEACTBEHHBI MOHHTOPHWHI BHYTPEHHETO COCTOSHUS
murtochepsl Ha riayomHax 1-20 KM, YTO MakCHUMaibHO OJM3KO K 30HE (OpPMHpOBaHUS OYaroB
3emyeTpsiceHril. B xoMIiekce ¢ celCMOaKyCTHYECKMM MOHHTOPHWHTOM OTKIMKa TIIyOMHHOW Cpensl Ha
TPUITEPHOE BO3JCHCTBHE MIOOHHOTO ITy4Ka, TAKOE 30HIUPOBAHUE IPEIICTABISET COO0M YHUKAIBHBIH METO
HETIOCPEICTBEHHOT0 MPOHUKHOBEHUSI B CPaBHHUTENILHO OJM3KYIO, [0 CPAaBHEHHUIO C JAPYTMMHU METOJaMHu,
OKPECTHOCTh 04aroBoi 30HBI. Kaxkmoe oTnmenpHOE HM3MepeHHe NP MIOOHHOM MOHHMTOPHHIE SIBISETCS
JIOKaJIbHBIM, a B COBOKYITHOCTH BCE M3MEPEHUS, BBITIOJTHEHHBIE B TEUEHHE HEKOTOPOT0 HHTEpPBaJIa BpEMEHH,
MO3BOJISIIOT KOHTPOJIMPOBATh 3HAYUTEIBHBIH OOBEM OYAaroBOW 30HBI, BEJIMYMHA KOTOPOTO 3aBHUCHUT OT
YYBCTBUTEJIILHOCTH CEHCMOAKyCTHMYECKUX TPHUEMHHUKOB, YPOBHS CEMCMOaKyCTHYECKOro IIymMa |
qyBCTBUTEJILHOH IUIOIIAAN YCTAHOBKHU VISl IETEKTUPOBAHUS MIOOHHOTO IIOTOKA. BriociencTBUM 3TOT METOA
MOJY4YH1 KOJMYECTBEHHOE OOOCHOBaHHE, Tle IyTeM YHCJICHHOI'O MOJEIMPOBAHUS HCCIEI0BAIOCH
NMpoxoxaeHue MoHOB ¢ 3Heprueil ~10—100 T>B 4epe3 rpyHT, U ObLIM MOJTYYEHBI KOHKPETHBIC OICHKH
MHOKECTBEHHOCTH TakuX MrooHOB B IITAJI ¢ sueprueii 1016 - 108 5B, riryOuHbI KX MPOHUKHOBEHHS BHYTPh
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3eMHO# KOPBI M YHCIIO B3aNMOAECHCTBUH (MUKPOTPEIINH ), KOTOPBIE TAKHME MIOOHBI MOT'YT BBI3BIBAaTh BHYTPHU
celficMUYecKH HaNpsKeHHBIX 00acTel KOpbl, B 3aBUCMMOCTH OT YHEPTMH MIOOHOB U 3aIlaCeHHOM 3HEpruu
ynpyroit nepopmanuu. IlosiBIeHe MPOHNKAIOIINX YaCTHII CBSI3aHO C PA3BUTHEM IMPOKHUX aTMOC(HEpHBIX
JMBHEH B aTMocdepe, ISl BBUICICHUS] aKyCTUYeCKOW IMHCCHHM Ha IIyMOBOM ()OHE MOXKHO HMPUMEHSTDH
TIOUCK KOPPEILIIUA MEXKIYy aKyCTHISCKHUMH CHTHajJjaMH W cHTHaiamMu o mpoxoxkaenunn IIAJI, mu6o
CUTHAJIaMU MIOOHHOTO JETEKTOpa.

-1km

=10 km

=158 km

=20 km
=25 km

=30 km

Puc.1 — Hoes enybunnoeo cKaHupoBauus 3eMHOU KOPbl HA OCHO8e MIOOHO8 U3 cmeona suepeuunvix [IIAJl. P — 30na
2nyOUHH020 pazioma, A — ynpyzue Ko1ebaHus, Komopbvie 2eHepUPYIoncs 6 CelicMuyecK HanpAXCeHHOU cpede Noo 8o30elcmauem
JIOKANbHOU UOHU3AYUU OM NPOXOACOEHUS MIOOHO8 WU U PACHPOCMPAHAIOMCA 8 6ude aKycmuyeckoil gonnvl, M — cucmema
YyECMBUMENbHBIX MUKPOPDOHOB.

3. YcTaHOBKA Al pETHCTPALIMHU CeiCMUYeCKO AKTUBHOCTH

[IpenBapuTensHBI MOWCK KPAaTKOBPEMEHHBIX CHUTHAJIOB aKyCTHYECKOH AMHCCHU B COOBITHIX,
CBSA3aHHBIX C TPYNIOBBIM IPOXOKICHHUEM MIOOHOB BBICOKOM 3HEPTUH, MPOBOJAWICS B CHELUAIBHOM
skcnepuMente Ha Tsub-lllanbckoit BeicokoropHoit craniuu B 2012 . Ilo 3aBeprieHnn Moaudukaim
Tsup-11laHbCKON TUBHEBOW YCTAHOBKHU W TEPEXOY K PEryISIPHOM PETUCTPAIMX IMUPOKUX aTMOCHEPHBIX
JMBHEH DKCIEPUMEHTHI MOJO00HOTO PojAa MpEAroJiaraeTcs MPOJODKUTH B TOJHOM O00BEME, TO €CcTh C
MPUBIICYCHNEM K aHAJN3y 3apErdCTPHPOBAHHBIX aKyCTHYECKHMX COOBITHH TOApOoOHON mH(MOpMAIUH O
napaMerpax (MepBUYHAS DSHEPTUs, PACCTOSHHME OT OCH W T.I.) HAOJIOMABIIMXCS B WX BpPEMEHHOU
okpectHoctr [ITAJT (2).

Jlns moucka BO3MOMKHBIX KOPPEISIMH MEXIy MUPOKUMHU aTMOC(HEPHBIMH JMBHSIMHU U CHTHAJIOM
YIPYrUx KoJieOaHWH 13 rTyOWHBI 3¢MHOM KOPBI CO3/1aHa CielMaNbHAs CHCTEMa aKyCTHYECKHX JIETEKTOPOB
(4yBCTBHUTEIBHBIX MUKPO(OHOB), MPEIHA3HAYEHHBIX JUII COBMECTHON CHHXPOHHOW pabOTHI C JIMBHEBOM
yCTaHOBKOH. BCIO yCcTaHOBKY SHEpruel oOecreurBacT JBE MaHEd COTHEYHBIX OaTapeil paciooKeHHBIHI
Ha Kkpsite nomenieanu (Puc. 2).

BricokouyBcTBUTEIBHBIM MUKPO(OH ¢ 4yBCTBUTENBLHOCTHIO 25 MB/I1a B akycTHyeckoM Iuarna3zoHe
gactoT 500-1000 I'm pa3memaercs Ha rayOmae 50 M OT MOBEPXHOCTH 3€MIIM BHYTPH CKBAKUHEI,
MpOOYPEHHOM B CKaJIbHOM IpyHTE. PaccTOsHUEe MEKIY CKBOKHUHOW M CUCTEMOU JIMBHEBBIX JCTEKTOPOB
cocrasisier npumepHo 200 M. Ilepenaya 3meKTpHUECKUX CUTHAIIOB OT MUKPO(OHA U3 TIyOMHBI CKBaKHUHBI
MPOM3BOOUTCS IO OOpa30BaHHOW BHTOW TMapoil MPOBOJOB KaOENbHOH JHMHUHM 4epe3 MOCPEICTBO
TparchopMaTOpHOI pa3BA3KH, IPH 3TOM MUKPO(DOH U CIyKamui U1t epeady CUrHaJla TPOMEKYTOIHBIH
MayorabapuTHBI TpaHCHOPMATOpP TMPEACTABIAIOT COOOW EAMHBI KOHCTPYKTHBHBIN OJIOK, KOTOPBIH
IENTUKOM OITycKaeTcss B CKBaKWHY. IlocrosiHHOe HampsbkeHne +3B s muraHuss MUKpogoHa
BBIpa0aThIBaeTC HE3aBUCHMBIM HCTOYHHKOM ITUTaHHSA, KOTOPBHIH IIOCTPOCH Ha OCHOBE OTIIEIHHOTO
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TpaHcopMmaropa C HE3a3€MJIGHHOH BTOPHYHOM OOMOTKOH W HE MMeEEeT HEMOCPEACTBEHHOTO
3JIEKTPUYECKOr0 KOHTAKTA HU C OCTaJIbHOM YaCTbK) 3JIEKTPOHHOU CXEMBI, HU C CHJIOBBIMHU JIMHUSMH
BHEIIHEW 3neKkTpudeckoil cetn. OT MCTOYHMKA MUTAHUS K MHUKPO(QOHY 3TO HAIpPSDKEHHE IOAAETCS IO
BTOpPOIl Mape BUTHIX MNPOBOAOB. TakuM o00pa3oM, MHUKPO(QOHHBIH Yy3eJl H3MEPUTENBHONH CHCTEMBI
OKAa3bIBACTCSl NIEKTPUYECKU H30JMPOBAHHBIM OT BCEX OOLIMX JIMHMHM 3a3€MJICHHSA U MOJBOJA IMTaHMA K
3JEKTPOHHBIM CXE€MaM, Ha KOTOPBIX MOT'YT IIPUCYTCTBOBATh 3HAUUTEIILHBIE JIEKTPOMArHUTHBIE HABOJIKU U
ITyMBI, B YaCTHOCTH, CHHYCOUIabHas momexa ¢ yactotor 50 I'1 oT BHEIIHEH ceTH MepeMeHHOTO TOKa.

Puc. 2. [lomewenue ona sxcnepumeHmanvHol yCmaHo8Ku

Jiis  perucTpanMy CUTHaJOB aKyCTHYECKOIO JeTeKTopa Obula paszpaboTaHa cHenHalbHas
MmanorabaputHas cuctema AIlIl ¢ MambiM s>HepromoTpeOieHHeM, KoTopas pasMellaeTcs BMecTe cO
cxemMamu (popMHpOBaHUS HETTOCPEICTBEHHO Y BEPXHET0 Kpast CkBaXuHBL. OcHOBY cuctemsl ALl oOpa3yer
OJTHOILIAaTHBIH KommbioTep Raspberry PiB+ Ha mukpomnpoueccope tuna Broadcom BCM2835 ¢ takToBoit
gactoToit 700 M. DTOT KOMIBIOTEp, Yepe3 MOCPEACTBO JIMHII BCTPOSHHOTO B HETO IH(poBOro mopra
BBOJIa-BBIBOJIa O0IIEr0 Ha3HAYeHWs, ynpasiser apyMs snementamu ALl muxpocxemamu tuma AD7887
npousBoacTBa pupmer Analog Devices.

Muxkpokommbiotep Raspberry PiB+, kotopsiii obecrieunBaeT mHporecc OUU(PPOBKU CUTHATOB
aKyCTHYECKOTO JIeTeKTopa, paboTaeT MoJ YIpaBiIeHHEM CIENUAIbHO aJalTHPOBAHHON JJISl HEro BEpCHH
omepanroHHoi crucreMbl LinNUX. Bxopsmme B COCTaB 3TOH CHCTEMBI IIPOTPaMMBI  O0ECIIEUHBAIOT
BBHIMOJIHEHWE OOBIYHBIX ONepaldidi MO TOAJEpKKE HOPMaJbHOTO (YHKIMOHUPOBAHUS  BCETO
W3MEPUTEIHHOTO IIpoliecca: AaBTOMATHYECKMH 3allyCK HEOOXOANMBIX CIY>KEOHBIX HPOTPaMM-YTHIIHT,
KOHTPOJIb M aBTOMAaTHYECKasi KOPPEKIMS CUCTEMHBIX YaCOB, BO3MOXKHOCTD YAAJIEHHOTO MOJKIIOUEHHUS 110
JIMHUSAM CBSI3M JIUIST KOHTPOJIS paboTHI CHCTEMBI B peskume ON-line u T.1r (3,4).

4. 3akaoueHus

YcTaHoBKa i1 MOHHUTOPMHIA T€0aKyCTHYECKHX CHTHAJIOB, KOPPEIHPOBAHHBIX IO BPEMEHHU C
MMOTOKOM BBICOKOOHEPTHYHBIX MIOOHOB KOCMHYECKHX JIyded, POXICHHBIX B IIMPOKHUX aTMOCHEpPHBIX
TMBHAX, (QYHKIMOHHUpYOMAs Ha 6a3e sKcnepuMeHTanbHOro kommuiekca «ATHLET» na Tsaub-lanbckoit
Bricokoroproit Hayunoit CTaHuuu Ha TEppUTOPUN AJIMAaTUHCKOTO CEHCMOAKTUBHOI'O PETMOHA, COBMECTHO
C CO3JIaHHOM 3/1e€Ch MPEACTAaBUTENBHON PETHOHAIBHOM CEThIO CEHCMHMUYECKHX CTaHLMH, MPEACTaBISAIOT
c000i1 YHUKaTBbHBII 3KCTIEPUMEHTAIBHBII TOJIUTOH IJIsl Ha0opa CTaTUCTHYECKOTO MaTepralia Mo BIUSHUIO
MMOTOKa MIOOHOB KOCMUYECKHX JIyded Ha CEHCMOAKTHUBHYIO Cpely, YTO B WTOr€ HE TOJBKO PacIIUpUT
(¢yHIaMeHTaIbHbIE 3HAHUS B 00JACTH T€OKOCMHYECKHX CBS3€H, HO W TMO3BOJIUT PEIINTH MPHUKIATHYIO
3aaqy — pa3paboTaTh HOBBIH KOCMOTEO(PU3NIECKUI METOT IPOTHO3a CHIIbHBIX 3eMJICTPSICEHHIA B PETHOHE.

Baarogapuocrn: Pabota BeimosHeHa npu moanepxke npoekrta Ne BR05236291 Munuctepcrsa
obOpa3oBanus 1 Hayku Pecniyonuku KazaxcraH.
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MPOBJIEMA «KOCMOJIOTMYECKOTI'O JINTHSI» U CKOPOCTH PEAKIIUIA 3AXBATA
He(a, y)’Be M *H(a, v)’Li B MIOTEHLHAJIBHON MOJEJINA

C.A. Typakyaos, .M. Typcynos, 3.M. [lycuazapos, C.IO. Typaues

Hucmumym aoepnou ¢puzuxu AH PV3,
100214, Tamkent, Y36ekucran, E-mail: turakulov@inp.uz

IMpouecch paguanuonnoro 3axsara He(a, v)’Be u *H(o, y)’Li SBasioTcs KIHOYEBBHIMU SAEPHBIMU
peaKkuusMH MEPBUYHOTO M 3BE3AHOTO HykJeocuHTe3a [1, 2]. O0e 3TH peakuuu BaXKHBI AJSI MU3YUEHUS
NPUMOPAUAILHOTO HYKJICOCHHTE3a, B YAaCTHOCTH [UIA PEHICHWS TaK Ha3bIBAEMOW IMPOOJIEMEI
NPUMOPMAIBHOIO  pachpocTpanenus usortoma 'Li Bo Bceenmennoii [2]. Ilpoumecc  He(a, y)'Be
JOTIOJTHATENFHO BaKEH JUIS M3yUeHHsI KHHETHKH ropeHus Bogopoa Ha Conaue. C apyroit CTOPOHBI, sIpO
"Be urpaert JJOMHHAHTHYIO POJIb B IPOIECCaX 00pa30BaHKs HEUTPHHO B cTaHaapTHOM Moaemu Conia [3].

Henp Hacrosimeil pabOThl — NETalbHBIA TEOPETHYESCKUH aHAM3 acTpOPHU3UMUYECKOro S ¢akropa u
COOTBETCTBYIOLIEN CKOPOCTH PEaKIUii paguaMoHHoro 3axsara *He(a, y)'Be u *H(a, y)’Li B Momenn
JIBYX TeJI Ha OCHOBE 0. - *He u o - *H - moTeHIManoB npocToii rayccoBoii ()OpMBI, TIPABUIBHO OMHUCHIBAOIIINX
(a3oBBIE CABUTH B Si/2, P12, Paiz, a2, sz, Tsi2, fr2- mapimmianpHBIX BOJIHAX, SKCIIEPUMEHTAIBHOM SHEPTUM
cBsi3u siapa ‘Be u 3Hauenne AHK. Takke BaKHO NPUMEHECHHE PE3YJIbTATOB pacdyeTa CKOPOCTEH peakiiuii
3He(a,y)’Be u *H(a,y)’Li g oleHKH HavanbHOM pacmpocTpaHeHHOCTH uzoToma 'Li mocne Bombmoro
B3priBa.

[lpu BblUKCIEHUN acTPOPU3IUUECKOTO S-pakTopa W CKOPOCTH PEAKIHUH pacCMaTpUBACMBIX
MIPOLIECCOB HMCHOJIB30BAHBI U3BECTHOE BhIpaxkeHue [4, 5]:

S(E)=0(E) E exp(2nn)

T/Ie G- TIOJHOE CeUeHHe Ipoliecca pagualMoHHOro 3axBara; E - sHeprus gacTuil B cucTeMe IIeHTpa
Macc BXOJHOTO KaHana ; '/ - KyJOHOBCKHIA IapaMerp.

B Hacrosmeit pabote MbI Oy1eM OCHOBBIBAaThCS Ha o - *He wm a - °H - moTennmans! Vi u VDa 3
pabotr [5,6]. UToOBI yIydmIUTh COTJIACHE pPE3YJIbTATOB TEOPETHUYECKOM MOJAETU C TIOCICTHUMH
SKCIIEPUMEHTAIFHBIMA JTaHHBIMU TIPH 3HEPTusix okosio 4 MpB u3 pabotel [7], MBI MOAUQUIMPOBATH
napaMeTphbl TOTEHIHAIOB B 0 BOJIHAX, MPH 3TOM COXpaHsis SKCIIEpUMEHTaIbHbIe (a3oBbie caBuru. HoBbie
napaMeTpsl TOTEHIUAJIOB B NapIuaibHOl BosHe O3 paBHB Vo=-180 MaB, 0=0.4173 ¢m? u B ds; BOIHE
pasubl Vo=-190 MdB, 0=0.4017 ¢pm?2, coorBercTBeHHO. KpoMe Toro, s pacuera BOJHOBON (pyHKIUH

UCIIOJIb3yeM anroputM HyMepoBa, HOTPENIHOCTh KOTOPOTO HMEET MOPSIOK O(h®). Takas Bbicokas
TOYHOCTH TO3BOJIET TIOJYYMTh BOJHOBBIE (DYHKIMH, KOTOPHIE MPEKPACHO COTNIACYIOTCS C H3BECTHOM
ACMMIITOTUKOM B Ka)X101 MapUHaJIbHON BOJIHE.

CpaBHEHHUS TEOPETHIECKOTO acTpodusndeckoro S-pakropa npouneccos cuntesa *He(a, y)'Be un *H(a,
Y)’Li ¢ 3KCIepUMEHTAIbHBIMU JAHHBIME U PE3yJIbTaTaMH MHKPOCKOIHMYECKHX PACUETOB IIPUBENEHBI Ha

Puc.1 u Puc.2. Y3 pucyHka BUIHO, YTO HAMU MPEAI0KEHHBIC MOAU(DHUIINPOBAHHBIC TOTCHIINAIIBI Vi u Vo
XOpOIIIO OIKMCHIBAIOT HOBBIE JKcrepuMeHTanbHble naHHble LUNA  kommaGopamuu mpu CoOTHEYHBIX
lamoBckux sHeprmsx [8], a TakKe NaHHBIE DJKCIEPUMEHTOB B JHMAlla30HC CPEAHUX M BBICOKUX
acTpo(U3NIECKUX YHEPruii [7].

Jlanee, UCHoONb3ys MOJyYEHHBIE PE3yJbTaThl Ui ckopoctu peakuuu °He(o, y)'Be B pamkax
JIByXYaCTHYHON MOTEHIMAIBLHOM MOJIENH, OllEHEHA HaYajdbHas PaclpoCTpaHEeHHOCTs n3otona 'Li/H npu
Bonbmom B3peiBa ¢ momoineto oOmienoctynmHoro mporpamMmuoro mnakera PARTHENOPE [9] ¢

notermmanamn Vy1: 7LiH = (4.81 £0.12)x 100 Vg .7Li/H = (4.92+0.13 ) x 101,
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Beransis  pesynbTaThl  pacdera CKOpOCTH cienyromed peakuuu °H(a, y)’Li Ha nenouky
TEPMOSJIEPHBIX TIPOLIECCOB, TOMyYuM OKoHYaTenbHble ouenku: 'Li/H = (5.06 + 0.13) x 1071 u 7Li/H

n n
=(5.0840.13)x1071° s  moreHuMANIOB VMl 17§ VD , COOTBETCTBeHHO. [Ipw BBIUMCICHHU

pacmpoCTpaHEeHHOCTH C TIOMOIIBIO MTPOrpaMMBbl HyKJieocuHTe3a boibioro B3priBa B kauecTBe BXOIHOTO

nmapamMeTpa OBLIO HCHOJB30BAHO 3HAYCHHE GapHOHHOﬁ IUIOTHOCTH W3 IIOCIIEOHUX JaHHBIX IlnaHk

kosmabopanuu [10] Qbhz = 0-02229t8:888§3 . Bpemst sxu3nnm HeliTpoHa h = 880.3 £ 1.1 ¢ [11], aTa BennuuHa

B JuTeparype MeHsercs B mpemenax 878 — 885 c. [lomydeHHBIH pe3ynbTar sl paclpoCTPaHEHHOCTH
usoromna 'Li/H=(5.08 £ 0.13) x 102° xopomio cornacyercs ¢ pesyinsraramu 'Li/H= (5.0+0.3) x 10 % u
7LilH= (5.61 + 0.26 ) x 102 3 paGor [12,13].
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BBICOKOTOYHBIN PACYET MACC CBEPXTSIXKEJIBIX ATOMHBIX SI/IEP

A. Hypmyxamenos ! 2, I1I. Mup6a6aen*

YTawxenmcruii neduampuyeckuti Mmeouyunckuii uncmumym,
Tamkent, 100140, Borumamon 223, V36ekucran, a_fattax@mail.ru

2 Uucmumym soeproti pusuxu AH Pecny6nuxu V3bexucman,
TamkenT, 100214, Yinyroek

AHHOTALIMSA

Paccyumanvl uzbvimxu macc epynnvl amomuvix si0ep ¢ 80CCMAHOBNEHHOU BUSHEPOBCKOU CRUH-U30CNUHOBOU
SU(4)-cummempueti, umerowue uzocnunvl 1,=51/2, 26, 53/2, 55/2, 28 57/2 nymem modenuposanus eéxuada
CRUH-OPOUMATILHO20  83AUMOOCUCBUS 8 MACCYy A0pAd  OPMOSOHANbHLIMU MHO204AeHamu Hebviuesa.
Cpeonexsadpamuynoe OmMKIOHeHUe paciema om dKkcnepumenma cocmasiiem o =140 kaB.

KioueBble cjioBa: sapo, Macca, CHMMETPHs, CIIHH, H30CIHH, ambda-pacnan, SU(4)-cummerpus,
CBEPXTSDKEIBIE SIIPa, MOJISTUPOBaHIe, CIUH-OPOUTANIbHOE, B3auMoeiicTeue, dakrop OpaHunHu—Paankarru.

1. Beeaenne

OO61meit st BCeX MacCOBBIX (hOPMYJI SIBJISIETCS POOJIEMa SKCTPAIIOJISAIIUY MTOJYUCHHBIX PE3YJIbTaTOR
B 00J1acTh HE U3BEACHHBIX SAAEP, KOTOPAs MOXKET MPUBECTH K TIOTPEITHOCTSIM, CBSI3aHHBIM C SMITUPUIECKIM
MOJIXOJIOM B OIPEJIEICHUH HEH3BECTHBIX MapaMeTpoB. Bce MaccoBeie opMyIibl, B TOW HIIM MHOH Mepe,
XOpOIIIO OMHCHIBAIOT MAcCy siipa B OONACTH M3YYEHHBIX sfep. Pasmudans B meTansx pacuera paziIndHBIX
MOJIXOJIOB TPUBOJAAT K CYHICCTBEHHBIM PACXOXJJICHUSM TOJBKO IO Mepe yIAICHUs OT JIMHUU Oerta-
cTabminbpHOCTH. J{J1S1 yAajJeHHbIX OT JONHHBI O€Ta-CTaOMIIFHOCTH SIICP PACXOKICHHUS MEXIY Pa3IHIHBIMU
MOAXOAaMH U SKCIEPUMEHTOM CYLIECTBEHHO. B 3TOM HEMaJOBa)KHYIO POJIb UTPAET HEKOPPEKTHBIA ydeT
BIIUSIHAE B MacCy HYKJHUAA SIIEPHBIX 000JI0YEK T.K. M3MEHEHHE YHCIIA MPOTOHOB M HEUTPOHOB, IO MEpe
yaajneHuss OT IJWHHHM OeTa-CTa0WIBHOCTH, NPHUBOAWT K HW3MEHEHHWIO BKJIaJga B MacCy sapa CIHH-
OpOUTATIBHOTO B3aUMOJICHCTBHSI, YUET KOTOPOT'O CBSA3aHbI C MHOXKECTBOM HEOIPECICHHOCTEH.

B HacTosmeii paboTte u3naraercs MeTO ] pacdeTa Macc aTOMHBIX SIIEp ¢ YYETOM BKJIa/a B Maccy siapa
CIHH-OPOUTAIHHOIO B3auMOelicTBUS. Hall MeTo1 OCHOBBIBAETCS Ha MAaCCOBOHM (pOopMyJie, ONMUPArOIIUi Ha
cnmH-u30ciuuOBYl0  SU(4)-cummerpuro. B dopmyrne mis  Mace, BKIaa  CIIMH-OPOHTAIBHOTO
B3aMMOJICHCTBUS B MAacCcy HYKJIHJA SBIISETCS HEKOM momnpaBKo#. 3amaucii HacTosmield paOOThI SBISETCS
MOJICIMPOBAHKUE ATOW TOMPABKU IPHU TOMOIIM CYIIECTBYIONUX MAaTEMaTHYCCKUX METOJOB C IIETBI0
HAWIY4YIIero COTJIACHS PacueToB C 3KCHepuMeHTOM. PaboTa BEIMONHEHa Ui siep C BOCCTAHOBICHHOMN

cnun-usocnuHoBoit SU(4)-cummerpueil B tuanasone usocnuuos 51/2 <T, <57/2, nns KOTOpbIX BKIIaJ

CIHH-OPOUTAIHHOTO B3aMMOJCHCTBHS B MAacCy HYKIHWAA OINpe/elieHa Ha OCHOBE JKCIEPUMEHTAIBHBIX
JTAHHBIX.

2. O6JacTh HYKJIH/IOB C BOCCTAHOBJIEHHOI BUTHEPOBCKHUIA clIMH-H30cnuHOoBoi SU(4)-
cuMMeTpuei

Jly1s mpoBepKH TUTIIOTE3bI O BOCCTAHOBJICHUU BUTHEPOBCKOM cMMMeTpuHu B pabote [1] ucnoip3yercs
CTaTUCTHYECKHN METOJ MpOoBepKHU rumote3: t-kputepuii CThIoeHTa. DTOT METO MO3BOJISIET MMPOBEPUTH
COOTBETCTBHE MEXKIY ABYMS CTAaTUCTUYCCKUMH PACIPEACICHUSMU, B TOM YHUCIE€ COOTBETCTBUE MEXKIY
TEOPETHYECKUM M JKCIIEPUMEHTAJIbHBIM paclpeieseHHsIMHA, Ha YPOBHE BBHIOpAaHHON 3HadyuMocTH o. s
YCTaHOBJICHHSI COOTBETCTBHS TEOPWUH M PE3yJbTaTOB OJKCIEPUMEHTAa TpPH NpPUMEHEHUH [-KpuTepus

CtproficHTa HEOOXO0IMMO BEITIOJTHEHHE JIBYX YCIOBHMU: 1) TEOPETUIECKOE BRIPAKCHIE RTeop JTOJDKEH OBITH

TOYHBIM; 2) TeHepaJIbHasi COBOKYITHOCTb, U3 KOTOPOI MPOU3BOAMUTCS BbIOOpKa R , M0KHA HMETh rayccoBa
(HopMmanbHOE) pactupenencaune. Kak Hamu 0b1T0 TIOKa3aHo [1, 2]), 3TH ycIoBUS BEIMOTHAIOTCSI. OCHOBHBIM
BBIBOZOM paboThl [1] siBiseTcs: cymiecTBYIOUMI (aKTHYECKHH MaTepuan MO3BOJSIET YTBEPKAATb, UTO
BUTHEPOBCKasl CIMH-u30cmiHOBast SU(4)-cuMMeTpHsi BOCCTAHABIMBACTCS TOJBKO JUISL SIep C HEUSTHBIM
MacCOBBIM YHCIIOM U U30CIIUHOM T, > 53/2 Ha ypoBHe 3Haunmoctu o < 0.01. [ly1s1 snep ¢ 4eTHBIM MacCOBBIM
YHUCIIOM HabJI0aeTcs TeHIEHIMS K BOCCTAHOBICHUIO CHMMETPHH.

Bribpannoit Hamu ypoBeHb 3HaumMocTd o < 0.01 sBIAETCS DOCTATOYHO BBICOKUM JUIA SIACPHO-
¢du3nyueckux uccieaoBaHui. YToOB! paciMpUTh KPYT SIEp € LENBI0 YCIEITHOTO MOJICIIMPOBAHMUS BKIIa/1a
CIMH-OPOUTANBHOrO B3aUMOAEHCTBHS B Maccy AaTOMHOIO fApa Mbl DPACIMPWIM  JUAaNa3oH
paccMaTpuBaeMbIX sep IyTeM BKIIOUEHHsS] B aHAIW3 HYKIWAOB C HEYETHBIM MAacCOBBIM YHCIOM U
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n30cnuHOM T; = 51/2. Kpome 3T0T0, Tak)Ke BOCTIONb30BATNCH SKCIIEPUMEHTAILHBIMU TAHHBIMH IS S7IEp ©
YETHBIMM MAaCCOBBIMHU 4YHCIaMH C wu3ocnuHaMu 1,=26 u 28 Ilosromy B HacTosmei padbote
paccMmarpuBaeTcs O0JNacTh HYKJIHIOB B Juama3oHe u3ocnuHoB 51/2 <T,<57/2, 4T0 paBHO3HAYHO K
CHIKCHUIO YPOBHS 3HAYHMOCTH 0.

3. MaTteMaTn4yeckoe MOAeTHPOBAHUE BKJIAIa B MacCy SiIPa CIIMH-OPOUTAIBLHOTO
B3aNMOJIeliCTBUS

BriOpaHHBIE HAMU MOJIXOJ K MPOOJIeMe MacChl aTOMHOTO SJpa OCHOBBIBACTCS Ha BHTHEPOBCKOM
cnuH-u30cMHOBON SU(4)-cMMMETpUH CHIIBHOTO B3aMMOJIeicTBUs. B Hacrosiiiiee BpeMs MaccoBast
dhopmyna Buraepa, nmeer crnenyrommid B [1]

M (A Z)=a(A) +b(A)C, +Eq,, (AZ)+Ey(Z,N), (1)

Coul

e Mg (A,Z) —macca sgpa (He aroma), a(A), b(A) —smmupuueckue QyHKIH Burhepa,
Ecoul (A, Z) —xymnoHOBCKasi SHeprus sapa, Eqy (Z,N) —Bkiag cruH-OpOMTAIBHOTO B3aUMOJCUCTBHS B

Maccy OCHOBHOTrO coctostHust snpa, u C, —oneparop Kasummpa SU(4)-anre6pbr [3]. SBHBIA BuA
smmupryecknx ¢pynkmmii a(A), b(A) u oneparopa Kasumupa npusenens! B padore [4].
Ha puc. 1 nmpuBeneHbl 3aBUCUMOCTH ESI (Z, N) JUI siaep ¢ u3ocnuHaMu T,=51/2, 26, 53/2, 55/2, 28 u

57/2 ot Mmaccosoro uncia A.Ero Mo)xHo omucaTs MHOIO4JICHOM BUIA
2 n
Eq(Z,N)=qy + A+ d,A" +..+d A (2)

Koadpuuuenrst gy, gy, ... 4, B BbIpaxeHUH (2) ONPEACISIOTCS METOAOM HAMMCHBIINX KBAAPAaTOB

W3 CUCTEMBI JUHEHHBIX YpaBHEHUH [5], MOCKOIBKY OHM BXOJAT B (2) nuHeHHO. OHAKO NP BBIYUCICHUH
KO3 (QHUIIMEHTOB MHOTOYIEHAa BBICOKOM cTemeHdu (N > 2) 3TOT METOA MAaJONpPUTOJACH BBUAY NOTEpU
touHocTH [5]. Kpome 3Toro, mpu HE0OX0IUMOCTH MOBBICUTH CTEIIEHh MHOTOUJICHA BEC PACUYET MPUXOTUTHCS
NOBTOPATH. [I03TOMY, U1 OTBICKAaHUS TApaMETPOB MHOTOUYJIEHA €0 HEOOXOAMMO 3aIiCaTh B BUIE

Eg(Z,N) = APy (A) + QP (A) + ... + Gy Py (A) = jﬁoquj (A), (3)

rae By (A), B (A), .., P, (A) —oproronansubie MHOrowIeHs! YeOblmeBa Ha MHOKECTBE TOYEK MACCOBOTO

ancna A, Ay, .., Ay co cratuctndeckuM Becom W(A) (W, = W(A, ) =1/dE25|, k >0), rae dESI K~

MOTPELHOCTh Esl, - [lapameTpbl BblpaskeHust (3) BEIYUCISIIOTCS 110 popMyiam

N N 2 :
05 = LEq kP (AW ZP] (AW, (1=01 2.0, (@)

KOTOpBIE HE 3aBUCST OT CTENEHH N MHOTOWIEHA, YTO MO3BOJISET MPH HEOOXOANMOCTH TOBBIIIATE CTEIIEHB
MHOTOUJICHA 0e3 Tmepecyera paHee HaWICHHBIX MapaMeTpoB. BripaxkeHue (4) MONYy4eHO C y4ETOM
OpPTOTOHAJIBHOCTH MHOTOUYJICHOB YeObImieBa. BrrancieHne OpTOTOHAIBHBIX MHOTOWIEHOB YeObimena
0oJIee BEICOKUX CTEIICHEH, OnucaHbl B padote [5].

OKCIepUMEHTAIBHBIC 3HAYCHHS BKIIAJa CIMH-OPOUTAIBHOIO B3anMoxeHcTus E (Z,N) B maccy

sapa HaMu Obul0 00paboTaHa MO BBINIEU3IONKEHHOW METOIMKE OIMCAHUS AAHHBIX MHOTOWICHAMHU
YeObieBa. [IpoBeneHHbIE HCCIEOBaHUS IMOKA3bIBAIOT HAa JIOCTATOYHOCTh OIPaHMYEHHST MHOTOWICHA
YeObimieBa wieHoM j=3. B Tab. 1 mpuBeneHbl BBIYUCICHHBIC (IKCIEPUMCHTAbHBIC) 3HAYCHUS

napamMeTpoB Oy — Oz IO M3JIOKCHHOM BBINIC METOAMKE MPEACTABICHUS BKIAJA CIHUH-OPOMTAIBHOrO

B3aUMOJEUCTBYS B MAacCy sapa C H30CHMHaMH T1,=51/2, 26, 53/2, 55/2, 28 57/2 1mo OpTOroHaIbHBIM
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MHorowieHam YeOsimeBa. B Kpyribix KaBblYKax MPHUBEACHBI NOTPEIIHOCTH mapameTpoB. AHanu3 Tab. 1

YKa3bIBaeT Ha CYIIECTBYOLIYIO 3aBUCHMOCTB IAPaMeTPOB (y — (5 OT H30CIHHA T

Ha puc. 2 MPUBEACHBI 3aBUCUMOCTHU IMapaMETPOB qO - q3 OT MU30CIHHA T, KOTOPBIC TAKIKC MOXHO

HPEACTABUTD C IOMOLIXM MHOrO4IeHa YeOblleBa CIeAyIOIIEr0 BUIA
aj (T;) = 9o, jPo(Tz) 0 jP1(Tz) +9,, jpz(Tz)- )

rie gg j— 9y (j=0,1, 2, 3) - xoHCTaHTBI. YKCIIEHHBIC 3HAUYCHUSI KOHCTAHT Jo, j —9p, j MPUBENEHbI

B Tab. 2. BoccranoBieHHbIe 3HaYCHUS (] j TIPUBE/ICHbI B Tab. 1 B rpage “Pacuer”.

E.;f(Z, JV). kB

0 —
Tz=51/2 } T2=26 ++ Te= 15312 ++
5000 |— }H' *H’ i
+++ 1t H
(i L iy
-10000 | | | | | |
225 250 A 225 250 A 225 250 A
Esi(Z, N), k3B
0 [
Tz= 5512 Te=28 } Te=37/2
I'+ ** ++
+++ # H
5000 |— + HH ++++ ; f
-10000 | | | | | |
225 250 A 225 250 A 225 250 A

Puc. 1. 3asucumocmso ESI (Z,N) ona aoep c usocnunamu T,=51/2, 26, 53/2, 55/2, 28 u 57/2 om maccosozco yucna A.

qn, k3B q., KB qz. k2B q}. k3B
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}
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Tab 1. PacyerHble H 3KCIePUMEHTAIbHbIE 3HAMEHHUSI IAPAMeETPOB (|, — (|, (k3B) Bbipaikenus (4). B kpyrisix

cKoOKax IPpUBEACHbI NOIPEIIHOCTH

Tz Ao d, q, ds
DKcrt. Pacuer DKcII. Pacuer DKcr. Pacuer OKcII. Pacuer
51/2 -5557(56) - | -5559(92) - 152(6) 153(6) 4.5(0.7) 4.6(0.6) 0.25(0.06) 0.26(0.04)
26 5352(50) - 5349(58) - 164(5) 162(4) 5.4(0.7) 5.1(0.4) 0.23(0.06) 0.23(0.03)
53/2 5207(61) - 5211(65) - 167(7) 171(4) 6.1(0.8) 6.5(0.4) 0.29(0.07) 0.29(0.04)
55/2 4824(48) - 4824(62) - 213(7) 211(4) 9.3(1.1) 9.1(0.5) 0.34(0.17) 0.34(0.07)
28 4411(46) - 4409(55) - 253(7) 255(5) 9.1(1.2) 9.1(0.6) 0.18(0.25) - 0.12(0.13)
5712 3733(60) 3734(95) 323(15) 222(10) 6.8(4.0) 7.3(1.4) 1,21(1.48) -0.39(0.28)
Ta6 2. UnciieHHbIC 3HA4YCHUS IAPAMETPOB BbIPAKEHUS 9o it 9, i TSt J =0+3
J Yo, 9 9,j
0 -4843(55) 566(50) 186(54)
1 185(2) 42(3) 22(3)
2 6.0(0.4) 2.0(0.5) -0.1(0.6)
3 0.27(0.03) 0.03(0.05) -0.03(0.07)

4. Pacuet Macc aTOMHBIX siiep ¢ m3ocnuHamu T,=51/2, 26, 53/2, 55/2, 28 57/2

ITlo BBIIICU3JIOKCHHOMY METOAY HaMHM pacCYuTaHbl MacCCbl ATOMHBIX SAJACp C H30CIHMHAMU

51/2<T, £57/2, pesyabrarsl KOTOPBIX npuBe/eHbI B Tab. 3.

Ta6. 3. Pe3yabTaThl MOJe1MPOBAaHNSA BKJIaJ1a CHHH-0POMTAJBHOIO B3aHMO/eiicTBUA B Maccy spa ESI (A, T, ),

IKCIEPHUMEHTAIbHBIE H PACUYETHbIE 3HAYEHH H30BITKA MACC ISl HYKJIMI0B ¢ m3ocnuHamu 1,=51/2, 26, 53/2, 55/2, 28, 57/2.

A T
XN z Eql, ke Eql, pacu Asgern » KB Apacy ¥9B Aogen — Apacq k9B

225Fr3g 51/2 -7323(91) -1244 23821 23932 -111
227Rai3g 51/2 -6946(89) -6967 27178 27151 27
229Ac140 51/2 -6519(75) -6731 30690 30463 227
21Thyy 51/2 -6591(86) -6526 33816 33875 -59
233Pays; 51/2 -6257(79) -6339 37489 37402 87
235U143 51/2 -6296(82) -6157 40919 41053 -134
23'Np1as 51/2 -5940(67) -5968 44871 44840 31
23%Puyss 51/2 -5948(73) -5759 48588 48772 -184
241 Amage 51/2 -5451(74) -5519 52934 52863 71
23Cmua7 51/2 -5197(62) -5234 57182 57140 42
245Bk14g 51/2 -4661(68) -4893 61814 61578 236
247Cf149 51/2 -4560(74) -4483 66104 66205 -101
B1FEmys; 51/2 -3511(73) -3407 75954 76083 -129
25N 0153 51/2 -1921(69) -1907 86807 86860 -53
226F 139 26 -7158(75) -7246 27521 27246 275
228Ra40 26 -7195(63) -7023 28940 29108 -168
20Ac141 26 -6759(74) -6825 33833 33491 342
232Thygp 26 -6794(69) -6642 35447 35596 -149
234Payg3 26 -6335(75) -6464 40339 40206 133
236U 144 26 -6431(77) -6281 42445 42590 -145
238Np1as 26 -6097(69) -6082 47455 47467 -12
240Pu4e 26 -5898(72) -5857 50125 50163 -38
242 Amaar 26 -5471(81) -5595 55468 55340 128
244Cmug 26 -5243(87) -5288 58452 58403 49
246Bk149 26 -4875(85) -4923 63970 63915 55
248Cf150 26 -4601(83) -4492 67238 67343 -105
250Es151 26 -3947(81) -3983 73230 73230 0
252Fmys; 26 -3657(79) -3387 76816 77081 -265
254Md1s3 26 -2492(77) -2693 83450 83378 72
256N 0154 26 -1759(66) -1891 87822 87686 136
227Fry49 53/2 -7072(78) -7186 29682 29538 144
2%Ra1a 53/2 -7045(75) -6915 32562 32565 -3
BLACL2 53/2 -6460(83) -6695 35763 35675 88
233Thygs 53/2 -6664(77) -6511 38731 38881 150
235Payg4 53/2 -6224(78) -6347 42289 42201 88
BT 145 53/2 -6448(83) -6186 45390 45648 -258
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Ta6. 3 (IIponon:xenue). PesyabTaTel MoJe1MpPOBaHNs BKJIAAa CIHH-0POUTAJBLHOI0 B3aUMO/eliCTBUS B Maccy s/pa
ESI (A, T, ), 3xenepumenTaIbHbIe H PacYeTHbIE 3HAYEHHS M30BITKA MacC /IS HYKIHI0B ¢ H3ocnuuamu T:=51/2, 26, 53/2,
55/2, 28, 57/2.

A T
XN z ESI, KCII Esl, pacu AZ)KCI‘I , kKoB Apacq' B A3KCH — Apac‘{ ,koB

239Np14s 53/2 -5944(88) -6014 49311 49235 76

21PUyay 53/2 -5944(78) -6014 49305 49235 70
243 Amaag 53/2 -5294(89) -5570 57175 56892 283
245Cmuag 53/2 -5276(78) -5267 61004 61008 -4
247Bk1s0 53/2 -4711(91) -4889 65490 65304 186
249Cf151 53/2 -4514(82) -4421 69722 69813 -91
BlEg) s, 53/2 -3894(76) -3845 74512 74553 -41
253F M55 53/2 -3341(70) -3147 79346 79535 -189
255M 154 53/2 -2251(73) -2311 84843 84776 67
25TN01ss 53/2 -1392(68) -1321 90247 90289 -42
25T hygs 55/2 -6641(72) -6629 44018 44262 -244
237Pay46 55/2 -6224(81) -6377 47528 47483 45

29147 55/2 -6392(75) -6146 50572 50815 -243
241Np14g 55/2 -5936(64) -5916 54260 54276 -16
243P Y149 55/2 -5801(70) -5666 57754 57885 -131
245 Amaso 55/2 -5145(89) -5375 61900 61662 238
247Cmys1 55/2 -5142(84) -5025 65535 65645 -110
249BK1s2 55/2 -4563(79) -4592 69846 69815 31

BICF153 55/2 -4138(86) -4057 74135 74210 -75
253Fg54 55/2 -3244(82) -3399 79010 78852 158
255Fmss 55/2 -2565(89) -2598 83800 83760 40
27Md1s7 55/2 -1595(83) -1633 88993 88952 41

238Pg 47 28 -6522(78) -6570 50894 50715 179
240148 28 -6420(80) -6347 52715 52783 -68
244P;50 28 -5742(85) -5739 59806 59802 4
248 Amas1 28 -5088(82) -5346 64994 64731 263
28Cmys2 28 -5097(80) -4884 67393 67599 -206
250BKss3 28 -4309(94) -4351 72950 72904 46

252Cf154 28 -3877(87) -3740 76035 76165 -130
24Eg55 28 -2924(78) -3046 81991 81864 127
256Fm; 56 28 -2343(88) -2265 85487 85558 -71
258M 157 28 -1374(90) -1389 91687 91667 20

245P51 57/2 -5698(85) -5695 63178 63101 77
289Cmyss 5712 -4800(89) -4709 70751 70835 -84
21BKss4 57/2 -3878(92) -4060 75228 75039 189
253Cfy55 57/2 -3481(87) -3348 79302 79429 -127
255Eg;56 5712 -2497(85) -2605 84089 83974 115
BTEMy57 5712 -1921(93) -1864 88590 88640 -58

5. O0cyxaeHue MOJIy4eHHbIX pPe3yJbTaTOB

[Tomy4eHHble pacyeTHBIC 3HAUYEHHUS Macc SIEp COIVIACYIOTCS C HKCIEPUMEHTATIbHBIMU JTAHHBIMU
BBICOKOH TOUHOCTHIO (0 = 140 k3B), 4TO MoOKa3pIBaeT HA COCTOATEIHHOCTh MPEAJIOKEHHOM HAMU METOAa
BBIYMCIICHHAST HM30BITKA MAacC aTOMHBIX Sj€p, OCHOBaHHOW Ha crnuH-u30ocmuHOBOM SU(4)-cummerpuun
CHJIbHOTO B3aUMOJEHCTBHA. MeToa MOAeTMpOBaHHS BKIaAa CIIMH-OPOUTAILHOTO B3aUMOACHCTBUS B MACCY
aapa Uil HyKIMJOB C BOCCTAHOBJIEHHOW CHMMETPHEH IO3BOJISIET BBIYMCIIAT MacCy aTOMHBIX SAEp C
PEKOPIHON TOYHOCTBIO.

CocCTOATeNbHOCTD MPEAIOKEHHOT0 HAMH METO/1a BEIYUCIICHHS MAaCC aTOMHBIX S/IEp OCHOBBIBAaETCS Ha
(akTHYECKOM MaTepuane, KOTOpble ObUIM AOOBITHI B TEUEHHE psifa ACCATHICTHH IOKOJCHUSMHU
WCCIIeIoBaTeNIell W HM3JI0KEHBI HaMU B KOMITAKTHOW Qopme B pabote [6-8]. dakrtuueckuii marepuat
CBHICTENBCTBYET O BOCCTAHOBJICHHH BHIHEPOBCKOW CHNHUH-H30cHHHOBOI SU(4)-cummerpuu B 00iacTu
CBEPXTSKENBIX sfep ¢ u3ocnuHamu | > 50. B 3TOoM ke pernoHe HyKIUAHOM KapThl HAXOOUTHCA TaK
Ha3bIBaCMbIil “OCTPOB CTaOMJIBHOCTH, fAApa M3 KOTOPOTO JKHUBYT TIOpa3fo MEHbBIIE TEOPETHUECKH
npeAcKa3aHHbIX BpeMeH jku3Hu [8]. Habnromaemple BpeMeHa >KM3HU Pa3iMYaloTCs OT TEOPETHUECKH
npenckazannbix Bpemen B 10°-10%2 pas. Hekoropele aBTOpHI C MpPOHHMEH HA3bIBAIOT “OCTPOBA
CTaOMIBHOCTH — ‘MeltbIo cTabupHOCTH [9]. Takas oeHKa cBsi3aHa ¢ SKCIIEPUMEHTAIILHO ONPEIeICHHBIMH
3HAUEHWSIMHU BPEMEH O-TIEPEXOJI0B CBEPXTSDKENBIX siaep. llomydeHHBIH HaMM pe3yJbTaT CIY>KUTH elle
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OZIHUM apryMEHTOM B MOJIb3y BOCCTQHOBJICHHUsI BUTHEPOBCKOIl CITMH-n30cnuHOBO# SU(4)-cumMeTpuu B
00JIaCTU TSKEIBIX Sep.

Cornacue pe3ynpTaToB HKCIEPUMEHTa W HAIIMX PAacYeTOB Macc M SHEpruil « — pacmaga [19],
MI03BOJISIET, BBIABUHYT THIIOTE3y JUIA OOBSICHEHHS HAOJIONAEMBIX BPEMEH KM3HU HOBBIX CBEPXTSDKEIBIX
SIep  BOCCTAaHOBJICHHEM  BUTHEPOBCKOrO  chuH-m3ocnuHoBoro  SU(4)-cummerpun.  [lomHOMy
BOCCTaHOBJICHUIO BHMIHEPOBCKOH cnuH-m30cnuHOBOH SU(4)-cuMMeTpun B siIpaX  COOTBETCTBYET
npeoOnagaHue CIHMH-CIIMHOBOTO B3aUMOACHCTBUSL Hall CHUH-OPOMTANLHBIM B3aUMOJECHCTBHEM (CM.
noapo6Ho [8]). DTo 03HadaeT, YTO B CBEPXTSDKENBIX sApax ¢ BoccraHoBieHHOH SU(4)-cummerpueit
peanmusyetcs LS—cBs3b, kak B 00JIACTH JIETKHUX Slep, B OTINYNE OT CPEIHHX M TSDKENBIX HYKIHAOB, UL
KOTOPBIX MMEET MECTO Jj—CBsi3b. B 3TOM cilydae CTPyKTypa CBEPXTSDKENbIX simep OyleT aHajJornvHa
CTPYKTYpE aToMa H B spax CIHHH-OPOHUTAIBHOMY B3aMMOJICHCTBHIO OTBOIUTHCS OoJiee CKPOMHAs poOJb B
OpraHM3avy CTPYKTYPHI SApa, YeM B CPEIHUX U TSDKENBIX sIpax, U CIHUH-OPOUTAILHOE B3aMMOICHUCTBUC
JIOJDKHO MPUBOIMTH TOJIBKO HEOOIBIIOMY CTPYKTHPOBAHHMIO SIIEPHOM MaTepuHL.
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AHHOTALIMSA

Paccmampueaemces ucmopusi 603HUKHOBEHUSA U 9MANbI IKCNEPUMEHMANLHO20 OO0KA3AMENbCMEA 2UNOMme3bl
B0CCMAHOBTICHUA 8USHEPOBCKOU CNUH-U30CcnuH060t SU(4)-cummempuu 6 0061acmu maxiCenbix u C8EPXMANCENbIX
AmoMHbIX A0ep U GIUAHUE 80CCMAHOBIEHHOU SUSHEPOSCKOU CUMMempPUU Ha 0OOCHOBAHHOCMb 2UNOMEe3bl
“ocmpoea cmabunvnocmu”. Coenan 861800 0 HEOOXOOUMOCIU NPOBeOeHUs OONOTHUMETbHBIX MeoPemuiecKux
uccnedo8anull no YMOUYHEHUIo Xapakmepucmux “‘ocmpoea cmabunbHocmu’ ¢ YUemoM MexXaHuzMos,
B0CCMAHABIUBAIOWUX BUSHEPOBCKYIO chuH-uzocnunogyio SU(4)-cummempuio.

KnioueBble cji0Ba: OCTpOB CTaOMIBHOCTH, Marndeckue 4YHCIa, CIIMH, M30CIIHH, BUTHEPOBCKAs CHMMETPHS,
sapa, 000J104e Hast MOJIeJb, BOCCTAHOBJIEHHE CUMMETPUU

1. BeeaeHnue

O6onoueunas Mojienb [ 1] He CTaBUT OrpaHUYEHUI HAa BO3MOYKHOCTH CYIIIECTBOBAHHSA B IIPUPOJIE SIIEP
TsDKellee ypaHa. bosee Toro, corsiacHo Mozenu 000J104eK, [0 Mepe 3aloIHeHHs 101000104eK U 000I09EK,
CIIMH-OPOHUTANbHOE B3aMMOJIEICTBUE B IIEJIOM BO3PACTAET, YTO AOJDKHO MPUBOIUTH K 00pa3oBaHuIO OoJiee
YCTONYUBBIX S7EP.

% pp

82" P12
“Marmdeckum’’ SIAPOM SBISIETCA TUMIOTETHYECKUN HYKIHI ¢ MaccOBBIM uncioM A =310 [1], mmerommii B
cBoeM cocTtaBe MpoToHOB Z =126 wu meiitponoB N =184 (A=Z + N =310), KOTOPbIMH JTOJKHBI

Knaccuueckass obonoueuHas MOZJCIIb NPCACKA3bIBACT, YTO CIACAYIOIIHUM II0CJIC 6 JABaKbI

. 310
3armoHUTEC 000m0uku 1i COOTBETCTBEHHO. [lomydeHne Hykinnaa 126 wmcKyccTBEHHBIM

132 ¥ s
MyTeM SIBIISIETCSl Cephe3HOM HaydHOU mpoOieMoil Jaske Ha ceromHsmHui AeHb. Haumnas ¢ 60-x rr. XX
CTOJICTHSI BEITUCh MHTCHCUBHBIC TCOPETHUSCKHUE MCCIENOBaHNS (HAmpuMep, cM. [2, 3]) mo mpencka3zaHuio
00J1acTH siIep C OTHOCUTEIBHO OOJBIIMM BPEMEHEM KH3HH, KOTOPBIX B MPUHIMIE MOYKHO HCKYCCTBEHHO
MOJyYUTh JOCTYIIHBIMH TEXHHYECKHMMH CPEICTBAMH. OTH HCCIEIOBAHHS OCHOBBIBAJINCH Ha
NPEANOJIOKEHHN  BCEBO3PACTAIOIIEIO CHJIBHOIO  CIMH-OPOMTAIBHOTO B3aUMOICHUCTBHS IO  Mepe
MPOJBIXKEHUST B 00JacTh TKENbIX sinep. [Ipu BBHIMONHEHHMM HEKOTOPBIX YCIOBHHA TEOPETHUECKOTO
XapakTepa U Ipu JOCTaTOYHO CHUJIBHOM CIHMH-OPOUTAaIbHOM B3aMMOJEICTBHUE, SAPO C YHCIOM NPOTOHOB
Z =114 uneiitponoB N =184 M0OXHO paccMaTpUBaTh ABAXKABI “MarndecKuM’’ HyKIuAoM [2, 3]. O0nacTb
sep BOKPYT HyKJIHAA C YUCIIOM POTOHOB Z =114 u uncnom HeiitpoHoB N =184 Opu1 Ha3BaH “O0CTPOBOM
crabunbHOCTH” [4]. [10 pa3sniyHBIM OLIEHKaM, Sapa U3 “OCTpOBa CTAOMIBLHOCTH MOTYT UMETh BpeMs JKU3HH
B HECKOJBKO MWJUIMOHOB M JAaxke MWwumapaoB JjeT [4,5]. OHM [OOKHBI OTJIMYATCs OT JIPYrux
CBEPXTSDKENBIX Aep 0c000i YCTONYMBOCTBIO IO OTHOILLIECHHUIO K JIENEHHI0, MOTYT UCTIBITHIBATh aibda min
Oera pacnaz. BrinonHeHHbIE TEOpEeTUYECKHE OLIEHKH CHIIBHO 3aBUCST OT IapaMeTPOB, HCIOJIb30BAHHBIX B
pacuetax. [loaToMy pe3ynbTaTsl pacueTOB MOTYT pacCMaTpUBAaThCS JIMIIb KaK yKa3aHUsl HA BO3MOKHOCTb
CYILIECTBOBAaHMS CBEPXTSDKENIBIX SAEp, HMMEIOIIUMX BpPEMEHA JXM3HM JOCTAaTOYHO OOJblIME U1 HX
9KCHEPHUMEHTATIBHOTO OOHAPYKEHHUS.

Crnenyetr 0c000 OTMETHTh, YTO THIOTE3a CYIIECTBOBAHMS “OCTPOBa CTAOUIBLHOCTH OCHOBBIBACTCS
Ha JBYX NPEATMOJIOKEHUAX: 1) O HAMMYMK TOCTATOYHO CHJIBHOTO CIIMH-OPOMTAILHOTO B3aUMOJACHCTBUS B
00acTy CBepXTsDKENBIX siAep; 2) Ha JOMYIICHUH CYIeCTBOBaHUS Marnyeckux uucen Z =114 u N =184.

B HacTofmiee Bpems, YCHIMSMH HECKOJBKHX BEIYIIUX JabopaTopuil MUpa € HCIOJIb30BaHUEM
peakiyii ¢ TSHKEIBIMH HOHAMH, CHHTE3UpOBaHbI dyieMeHThl g0 Z =118 [6, 7]. Ho oTkpsiTHE “ocTpoBa
CTaOMIBHOCTH CBS3aHO C CHHTE30M HE TOJBKO 3yieMeHTa Z =114, HO W MOJy4eHHEM spa C YHUCIIOM
HeiitpoHoB N =184. Cunre3 siaep ¢ TakuM OONBIIMM H30BITKOM HEUTPOHOB SBJISETCS OCHOBHOM
TPYAHOCTBIO Ha IIYTH OTKPBITHS “OCTPOBa CTAOMIBHOCTH .

Ienmsto HacTOsIeH paOOTHI SIBISETCS W3IOKEHHWE TUMOTe3bl Buraepa [8,9] o BO3MOXKHOM
peanu3alyy B aTOMHBIX SIpax CIUH-u30cnuHOBOM SU(4)-cuMMeTpun U mporecca SKCIEePUMEHTATBHOTO
JIOKA3aTEeNIbCTBO CHUMMETPHUM B OOJIACTH TSDKENBIX siiep. Pedb naer o BOCCTaHOBIIEHHE HapyIIEHHON
BUTHEPOBCKOH CIIMH-N30cHOBO SU(4)-cumMeTpun B 001aCTH CBEpXTSDKEINBIX siiep. HenaBHO Ha ocHOBe
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AKCIIEPUMEHTANFHBIX JTaHHBIX I10 MaccaM OCHOBHBIX COCTOSIHUHM aTOMHBIX SJIep JOKa3aHO BOCCTaHOBIICHUE
cnimH-u3ocHOBON SU(4)-cummerpun B obmactu cBepXTsokEnbix HykmuaoB [10]. Kak mokaspiBaroT
MoJTy4eHHbIe JaHHbIe, B HAa0JIF01aeM0i 001aCTH SiIep BOCCTAHOBICHUE CUMMETPHH IPOUCXOIUT TOIBKO AJIS

Alep C HEYETHBIM MacCOBbIM yucioM A u npoekuuwed msocnmna T, =1/2(N -Z)>53/2, u

OCYIIECTBIISIETCA 3a CUET MOAABIICHUS BKIIa/[a CTUH-OPOMUTAIIFHOTO B3aWMOJICHCTBHA B MacCy OCHOBHOTO
cocTosHUA siapa. Mg simep ¢ YETHBIM MAacCOBBIM YHCIOM CHMMETPHUSI HE BOCCTaHABJIMBACTCS, HO
Ha0JIr01aeTCsl TEHICHIINS K BOCCTAHOBJICHUIO. DTO MO3BOJISIET IO HOBOMY B3TJISIHYTh Ha MPOOJIEMY “OCTpoBa
cTaOUIBHOCTH .

[IpuBeneHHbIe B HACTOsIICH padOTE JaHHBIC O BOCCTAHOBJICHUHM BUTHEPOBCKOMN CITUH-U30CITUHOBOM
CUMMETPHUH, B OCHOBHOM paHee OMyONuKoBaHBL. Ho, HM B OfHOI W3 3THX paboT, Tlle paccMaTpuBaicCs
BOIIPOC BOCCTAHOBJICHHSI BUTHEPOBCKOW CHMMETPHHU, HE CIEJIaHbl BBIBOABI OTHOCHUTEIHHO ‘‘OCTpOBa
CTaOMIBHOCTH B CBA3H ¢ BoccraHoBleHMeM SU(4)-cuMMeTpuM T.K. MECTOIMOJOXEHHS “0CTpoBa
CcTaOUIBHOCTH U 00JIACTH SJIEp C BOCCTAHOBJICHHOW CUMMETPHUEH 3aHUMAIOT Ha HYKJIUIHOU KapTe OJTHO U
TO k€ MecTo. B TO ke BpeMs dKCIIepUMEHTAIbHO OOHAPYKEHHBIE HYKIUABI U3 “OCTpOBa CTAOMIIEHOCTH
UMeroT Ha MHOro TopsakoB (106-10%?) MeHblle BpeMsi KU3HH, YEM MPEACKA3BIBAIIOCH TEOPETHYECKUMHU
WCCIIEZIOBaHMAMU. B CBSI3M C 3TMM BO3HHKAET MOJ03PEHHE, YTO HAOIIOAaeMble BpeMeHa KHU3HU ITHX SAep
00yCIIOBIICHBI HE C CYIISCTBOBAHUEM “OCTPOBA CTAOMIBLHOCTH”, a C (JaKTOM BOCCTAHOBJICHUSI BUTHEPOBCKOM
cumMerpur. [lo3ToMy cunMTaeM yMECTHBIM B OTAENBHOH paboTe OOCYTUT BOIPOC BOCCTAHOBIIEHHS
BUTHEpOBCKOW SU(4)-cHMMETpHU U ero BIUSHUS Ha PoOIeMy “OCTpOBa CTAOUILHOCTH .

2. BoccTaHoBJIeHHE BUTHEPOBCKOI CTUH-U30CTUHOBOH SU(4)-cuMMeTpHH B 00J1aCTH TSIZKEJIBIX
saaep

Cyth cnuH-u30cnuHOBOH SU(4)-cuMMmerpun Buraepa CBOJMTCS K PaCHIMPEHHOW H30CIHHOBOU
CUMMETPHUH 32 CUET MPHUCOETNHEHMS CIMHOBBIX NepeMeHHBIX [§8, 11]. B 370l cxeMe cymecTByOT 4eThlpe
(yHIAaMEHTaIbHBIX COCTOAHMS HYKJIOHOB: NN [ptp|. B pamkax BHTHEPOBCKOTO IOAXOJa
NPEANOJIarajgoch, 4TO CTPYKTypa HYKJIOHHBIX OOOJIOYEK fApa aHAJIOTHYHA CTPYKTYpE SJIEKTPOHHBIX
000J104€eK aToMa, B siIpe peau3yercs LS-cBs3b U CMH-OpOUTAIbHOE B3aUMO/ICHCTBHE HYKIIOHOB MEHBIIIE,
4YeM CIHMH-CIIMHOBOE B3anMmojeicTBue. K 0TKa3y OT BUrHEPOBCKOH CHMMETPHH HPUBENIO OTKPHITHE TPEX
HapYIIAOMUX CUMMETpUI0 puzrueckux GpaktoB [11-14]. DTumu pakTamMu SBISIOTCS KYJIOHOBCKOE, CITHH-
opOUTaIbHOE U TApHOE B3aUMOAEHCTBUSI.

Hakorutennsiii yxxe k cepenune 80-x r. XX cronerus oOIMMPHBIA IKCICPUMEHTAIBHBIA MaTepua
CBHUJIETENILCTBYET O TOM, YTO KYJOHOBCKOE B3aMMOJEHCTBUE HE HAPYIIAET U30TOMUUYECKYI0 CHMMETPHIO.
OTKpBITHE aHAJIOTOBBIX COCTOSHHM, a TAK)KE CYIIECTBYIOIINK OOMIMPHBINH SKCIEPUMEHTAIBHBIN MaTepuant
MIOKAa3bIBAET, YTO U30CIHH OCTAETCS B CPEIHUX U AAXKE B TSDKEIBIX Apax “XOpOIIMM” KBAaHTOBBIM YHCIIOM.
Takum oOpazom, TepBBId (akTop, Kak OKa3ajloCh, HE NPUBOIUT K HAPYILIEHUIO H30TOMUYECKOH,
ClIeZIOBaTeIbHO, BUTHEPOBCKOW CHHMH-M30CIHHOBOM cuMMeTpuu. Kak Opio mokaszaHo B pabore [15],
BUTHEPOBCKasi MaccoBast (opMysia COACPKUT WICH, YUUTHIBAIOIINHI ClIapUBaHKWE HYKJIOHOB. B cpeanux u
TSDKEITBIX SIIpax MPeo0IafaroliuM B3aUMOJICHCTBUEM MEXKIY HYKJIOHAMH SIBJISETCS |j-CBsi3b. [lo 3Toii
NPUYMHE B OCHOBHOM COCTOSIHUM HEYETHO-HEUETHOTO sIpa HEYETHBIH MPOTOH M HEYETHBIH HEHTPOH He
MOTYT COCTaBHUTH Iapy, MOCKOJIbKY OHH HMMEIOT pa3luuHble OpOHMTANbHBIE MOMEHTBHl M HMX BOJIHOBBHIE
¢byHkuun He nepekpbiBarorcs. IlosToMy OTCyTCTBHE CHapuBaHUS HEHTPOHAa W NPOTOHA B CPEIHHUX H
TSKENBIX s/ipax TakKe He SBISETCS CBUIETEIHCTBOM HApyLIEHWs BHUIHEPOBCKOM cummerpuu. U3
BBIIIEHU3JIOKEHHOTO SICHO, YTO €AWHCTBEHHBIM (PH3MYECKUM (PAKTOPOM, HAPYIIAIOIIUM BHUIHEPOBCKYIO
cniuH-u30cnuHOBY0 SU(4)-cuMMeTputo, sSIBISIETCS CTMH-0pOUTAIbHOE B3aUMO/ICHCTBHE.

[Tocne oTkpeITHS B Hadane 60-X IT. IpOILIOro Beka H300apUIeCKIX aHAIOTOBBIX COCTOSHIM CPETHNX
U TSDKEJBIX si/Iep, KOTOpPOe MOATBEPIMIO MpaBOMEpHOCTh m3oTonmuyeckor SU(2)-cummerpun, BHUMaHuE
uccleoBaresiel OpUI0 00paIeHo K 3a0bITOM pobiieMe BUTHEPOBCKOM cUMMETpHH. Brieprie @paHunnm 1
Pagukartn [16] ucciemoBany mpoOiIeMy SKCIIEPUMEHTANBHON pean3aliil BUTHEPOBCKOW CUMMETPHH Ha
OCHOBE MaccOBOI'O COOTHOIIeHMs Burnepa. Ha ocHoBe naHHBIX mo Maccam saep B obOmactu A <110
OpanunHA 1 PanukaTTy IBITAINCH ONPENSTUTE CTENECHh YHUBEPCATHEHOCTH MacCcoBO# (hopmyisl Buraepa
st sipep u3o0ap. B cepenune 70-x rr. XX cronerus 'anonos u ap. [11-14] ucnipaBuinu pakTop-Kputepuit
R,., mpeanoxenHslii ®panunHu U PagukaTTy, ¢ y4eToM KyJIOHOBCKHX HONPABOK M OMNpPEAEIMIN €ro

BBIPAXKCHUEM
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M(AT,)-M(AT, —2) - AE. (2,2 +2)
_M(A,Tz -1)-M(AT, -2)-AE (Z+1Z+2)

0
Coul

rie AECOUI(Z,Z +2) — pa3HOCTh KYJOHOBCKOH OJHEPruM sjep ¢ wu3ocmuHamu T, u T, —2.

UccnenoBanus @panuunu - Pagukart u ['anoHOB U Ip. HE YBEHUAIIMCh YCIEXOM IO TPUYMHE JOMYIIEHHO N

METOAMYECKOI OMMOKH 000MMH TpyNIIaMu: Tpu pacdere R, ObUTH MCIOIH30BaHBI BMECTO MACCHI siIpa

OKCIT
MAacChl HEHUTPaAILHBIX aTOMOB.

B pab6ore [10] ObuTO TEOpeTHUECKH HaIeHO BBIpaxeHwWe i (akTopa DpaHuman W PagwkarTi,
KOTOpasi IMEET BT

4T, +1) )

TEOPp

2T, +1+7

Bripakenue (2) moiy4eHo ¢ MCHOJIb30BAaHMEM MacCOBOTO COOTHOIIEHHUs Buraepa u sIBHOTO BHIa
oneparopa Kasummpa. CriapuBaHre HyKJIIOHOB yYHTBIBaeTcs mapamerpoM 7. B (5) n =+3, ecnu siapo ¢

HN30CIIMHOM TZ SABJIACTCA YETHO-YETHBIM, 7] = 0 , €CJI AP0 UMEECT HEYETHOC MaCCOBOEC YHUCIIO, U 1) = —3,

€CITU SIAPO SBIISETCS] HEYETHO-HEYETHBIM.
Hamu, B pabore [10], ©Oasmpysich Ha o0OOTameHHBIX KOJWYECTBEHHO M KayeCTBEHHO
9KCHEPUMEHTAJbHBIX JaHHBIX [0 MaccaM AaTOMHBIX  sifiep, OBUIM  KOPPEKTHO  PacCUHUTAHBI

JKCIIepUMEHTANbHBIe 3HaueHus Qakropa Ppamumam m Pammkattn R Ha ocHOBe moy4eHHBIX

3KCI *
PE3yJIbTaTOB yIAJIOCh J0Ka3aTh BOCCTAHOBJIEHHE BUTHEPOBCKOW SU(4)-CHMMETpHUH B aTOMHBIX SIpax B
o0yacTu TKENbIX siaep ¢ npuMmenenrneM t —kpurepus CTbio/ieHTa.

Ta6 1. CooTHOLIEHHE MKy PACUETHBIMH LS Ta0IMYHBIMHA t_ . 3HaYeHHssMH t — KpuTepust CTbIOEHTA 1At B

3aBMCHMOCTH OT IIPOEKLMH H30CIMHA sApa T, [uist ypoBHs 3HaunmMoctd o = 0.01 (N - BeIGopxka).

Hz{pa C HEYeTHBIM A HeueTHO-HEUeTHEIE Aapa YeTHO-UETHBIE Aqapa

TZ n tpacq < tTa6n TZ n tpact{ < tTaﬁn TZ n tpacq <> tTaGn
32 28 58.268 > 2.771 2 17 74.976 > 2.947 2 16 41912 >2.947
5/2 37 50.271 > 2.725 3 18 11.241 > 2.947 3 19 18.441 > 2.880
712 41 61.677 > 2.704 4 23 4.030 >2.819 4 21 32.728 > 2.830
9/2 43 111.319> 2.694 5 22 73.089 >2.831 5 22 14.793 > 2.831
11/2 43 192.25 > 2.694 6 18 8.618 > 2.947 6 18 21.537 > 2.947
13/2 34 25.696 > 2.723 7 17 15.559 > 2.947 7 16 6.692 >2.947
15/2 29 10.168 > 2.763 8 13 20.827 > 3.055 8 15 11.371 >2.977
17/2 34 10.261 > 2.723 9 14 27.521>3.012 9 22 39.151 >2.831
19/2 42 17.841 > 2.698 10 21 31.565 > 2.830 10 23 15.411 >2.831
21/2 40 0.652 >2.702 11 22 46.285 >2.831 11 22 84.883 > 2.831
23/2 37 12.964 > 2.725 12 20 28.961 > 2.880 12 19 80.383 > 2.880
25/2 31 37.655>2.750 13 16 40.116 > 2.947 13 20 40.145 > 2.880
27/2 28 10.152 >2.771 14 17 15.212 >2.921 14 19 40.046 > 2.880
29/2 25 3.747 > 2.797 15 18 24.906 > 2.950 15 19 34.634 > 2.880
31/2 30 49.115 > 2.756 16 19 15.598 > 2.880 16 20 9.670 >2.880
33/2 35 40.562 > 2.730 17 17 14,919 >2.921 17 19 5.266 > 2.880
35/2 25 37.201 > 2.797 18 13 66.612 > 3.055 18 11 13.700 > 3.169
37/2 24 4.373 > 2.807 19 12 28.526 > 3.106 19 10 4.765 > 2.880
39/2 19 22.445 > 2.880 20 9 28.591 > 3.355 20 9 9.359 > 3.355
41/2 16 15.082 > 2.947 21 7 13.844 > 3.707 21 8 11.608 > 3.499
43/2 16 8.940 > 2.947 22 5 15.990 > 4.604 22 8 10.015 > 3.499
45/2 16 32.554 > 2.947 23 6 6.421 >4.032 23 7 5.919 > 3.707
4712 12 10.159 > 3.106 24 6 18.115 > 4.032 24 6 7.814 > 4.032
49/2 8 6.681 > 3.499 25 3 134.024 > 9.925 25 9 19.531 > 3.355
51/2 7 4.233>3.707 26 6 56.939 > 4.032 26 8 30.055 > 3.499
53/2 9 0.545 < 3.355 27 8 41.699 > 3.499 27 7 8.316 > 3.707
55/2 9 0.876 <3 .355 28 4 10.536 >5.841 28 5 21.309 > 4.604
57/2 6 0.660 < 4.032
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B Tabnuie 1 npuBeacHbI pacueTHBIC 3HAUCHHS T kputepusi CThIOJIEHTA JIJIS TPEX BUIOB SIIEP

pacu

BUTHCPOBCKOI'0O THIIA, BBIYUCJICHHBIC HaMHU. Tam xe MMPpUBEACHBI COOTBCTCTBYIOIIUE TaOJIMYHBIE

(cnpaBouHsle) 3HayeHus t . . Beibpanusiii yposens sHaunmoctd o = 0.01. Kak BupHo u3 tabmuust 1,
JUISl HEYETHBIX aTOMHBIX sAziep ¢ u3ocnuHamu T, =53/2,55/2 u 57/2 pacuyeTnbie 3Ha4eHus t-kpuTepus

MEHbLIE, YeM Tabau4Hble, T.e. Ha ypoBHe 3HaunmocTH ¢« = 0.01 Teopernueckue 3HAYCHUS RTeop U

SKCNIEPUMEHTAIBHBIE 3HAY€HUA R sken JUIA sep ¢ npoekuuer usocmuna T, >53/2 cornacyrorcs. 1ot
(bakT cremyer MHTEPIPETHPOBAaTh KaK BOCCTAHOBICHHE BHIHEPOBCKOH crnuH-u3ocnuHOBOW SU(4)-
CUMMETPHH IS A/Iep € u30cnuHamu T, > 53/2 na yposHe 3HaunMoct ¢ < 0.01, T.e. ¢ 10CTOBEPHOCTHIO
6ounbire yem 99%. [Ipudyem BoccTraHaBiIMBaeTCsi ciMMeTpHst Buraepa B HaOroqaeMoii 06JacT HyKITHIIOB
TOJIBKO JUIs SIEP C HEYETHBIM MAcCOBBIM YMCIIOM A ¢ mpoekuuei usocnuna T, >53/2, XoTs as azaep ¢

YETHBIM YUCIIOM MaCCOBOT'0 YHcia HabMIoaeTcs TEHIEHIUS K BOCCTaHOBICHHIO.

Eme B 1973-mroay I'anonos u JIrotoctanckuii [17, 18] TeopeTnuecku npeackazaiy BOCCTAHOBICHHE
BUrHepoBckor SU(4)-cuMMeTpuM B TSDKENBIX siIpax. B TOKMCKe BO3MOYKHOTO CYIIECTBOBAHUS CITHH-
N30CIIMHOBBIX PE30HAHCOB XapakTEPUCTHKH 1*, OJIM3KHX 1O CBOEH CTPYKTYpE K aHAJOTOBOMY PE30HAHCY
(AP). Pemast ypaBHeHus: B pamkax Tteopuu KoHeuHBIX Qepmu cucteM (TKDC) ans sddexkTuBHOrO mos
raMOB-TEJUIEPOBCKOTO THIIA, OHM HAILIM PEIICHHUS C IapaMeTrpaMu Hu3o0apuueckux 1*-cocTOsHUIL.
Haiinennsie perienus yno0HO NpeACcTaBUTh OTHOCUTEIHHO aHAJIOTOBOTO PE30HAHCA B CIEIYIOLIEM BUJIE:

.. 1l+bgy AE.
E, —E,p = (g — Tg)AE + —2b—2, (3)
9 AE

rae E, —5Heprus KOIIEKTUBHOIO COCTOSIHMS, COOTBETCTBYIOIIAs raMoB-Teneposckomy I'TP-
COCTOSIHMIO W3 CHMH-Quun nepexomoB j, =1+1/2 — jp =1-1/2, E,p —oHeprus aHajioroBoro
pesonanca. B Boipaxenun (3) b =2/3, AE —oHeprernueckas mupuHa ciosi H30BITOYHBIX HEHUTPOHOB,

AE

HM30CIIMHOBOT'O B3aUMOCHCTBHUS COOTBETCTBEHHO.

— CpCaHsIsd SHEPTUA CHI/IH-Op6I/ITaJ'ILHOFO pacuiCIuiCHus, fo, gO — KOHCTAaHTBI U30CITMHOBOI'O W CITMH-

Kax Buano u3 (3), B ciiy4ae OJIM30CTH KOHCTAHT fol ~ g;) c poctom AE =4/3E_.(N-Z)/A (

Ep ~ 37 MbB - sneprus ®epmu) I'TP u AP acumMnToTHYECKH COMMKAIOTCSA, UM OKCTIEPUMEHTAILHO OHH

JOJIKHBI Ha6J'IIO,I[aTI>C$I KaK BBIPOXJICHHUC B 00IacTH  TSKENBIX AA€p. 9T0 (1)I/I3I/I‘leCKI/I OTBCYACT

3(1)(1)CKTI/IBHOMy IOJaBJICHUIO CHI/IH-Op6I/ITaJ'H>H01"O pacuiCIjiCHUA AEIS B 3apsDKCHHOM NP-KaHaJie

Bo30ykaeHuit simpa A(N,Z) ¢ pocTom H30bITKA HEHTPOHOB.

C 1975 mo 1980 ronel pa3nuyuHbBIe TPYMIBI HCCICAOBATENeH B peakuusx mnepesapsaku (P, N) c
UCIIOJIb30BAHUEM Pa3IMyUHbIX MulieHei 10 2°Ph wabmoganu I'TP u AP [19-22], KOTOpBIE C yBETMIEHUEM
MacCOBOI0 YKCJAa aCHMMITOTUYECKH TPUOIMKAIUCL IPYr K Apyry. B oGmactu 2% 2%Ph paGmiomanack
TeHaeHIUsA K BeipoxacHuto ['TP u AP mo sueprum. Takum o0pazoM, mpejcka3aHHbId [alloHOBBIM U
JIIOTOCTAaHCKMM ~ TaMOB-TEJUICPOBCKHH  PE30HAHC  XapaKTePUCTHUKOW  17-COCTOSIHHMSL — TIOJTyYHII
OKCIIEPUMEHTAIBHOE ~ TOATBEpkIeHUEe. Teopuss [amoHoBa u  JIIOTOCTAHCKOTO — MPEICKA3BIBAET
BOCCTaHOBJICHHE BUTHEPOBCKOM CHMMETPHH B 00JIACTH TSDKEJBIX sIIEp TOJIBKO B 3apsDKEHHOM NP-KaHaie. B
pamMKax TEOpHH KOHEYHBIX ()EPMU — CHCTEM BOCCTAHOBJIEHUE BUTHEPOBCKOW CHMMETPUM O3HAYAET

PaBCHCTBO KOHCTAHT gO = fO = gO CIIMH-U30CIIMHOBOI'0, U30CIIMHOBOI'O W CIIMHOBOI'O B3aHMO,Z[eI}'ICTBHI>JI

cooTBercTBenHo [11, 14].

3. 3akirouenue
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[MomBOMS UTOT M3NOKEHHOMY MATEPHATY, MOXHO KOHCTATUPOBATH, YTO B TIOJIb3Y BOCCTAHOBIICHUS
BUTHEPOBCKOW CHHMH-u30cnuHOBONW SU(4)-cuMMeTpun B 00JaCTH CBEPXTSDKENBIX SEp YKa3bIBAIOT
CIIEYIOINE SKCIIEPUMEHTAITBHBIE (PAKTHIL:

1) acumnrotnyeckoe commkenne I'TP u AP B 00acTH TSHKENBIX SAEP, YTO (PU3UUECKH OTBEUACT

S(ppeKTHBHOMY TOJABICHUIO CIMH-OPOMTANbHOrO paciierieHnss AE . B 3apshkCHHOM pn-KaHaie

B30y kaeHuit smpa A(N,Z) ¢ pocToMm nM30bITKa HEHTPOHOB WM M30CIHMHA, KOTOPOE CBUACTEILCTBYET O

HpI/I6HI/I)KeHHOM PaBCHCTBC fo = go KOHCTAaHT H30CIIMHOBOI'O W CIIMH-HU30CIIMHOBOT'O B33HMOI{€I710TBI/I$I

TK®C [11],

2) yObIBaHHE SKCTIEPUMCHTAIBHBIX 3HAYCHUH BKIIaJa CIIMH-OPOUTATHFHOTO B3aMMOICHCTBUS B MacCy
OCHOBHOTO cocTosHus sinep E (Z,N) mo mepe mpoABMXEHHSI B 00JACTh CBEPXTSIKEIBIX HYKIHIOB C

yucioM HeiltpoHoB N >146 no ~100 k3B [10];
3) craructudeckuid aHanm3 MetonoMm t-kpurepus CteiogeHTta ¢akropa OpanunHu n Pagukartn

RSKCH , HOJIYYC€HHBIC Ha OCHOBE OKCIICPUMECHTAJIbHBIX 3HAYCHUI MacC OCHOBHBIX COCTOSIHUM aTOMHBIX aaep,

KOTOPBIH ¢ JOCTOBEPHOCTHIO 99,9% yKka3biBaeT Ha BOoCCTaHOBJICHHE BUrHepoBcKoi SU(4)-cummerpun 1ist
A7Iep C HEYETHBIM MacCOBbIM uncioM A uuzocnuxom T, >53/2 [10];

4) Habnroaromiascsl TEHACHLIUS K BOCCTAHOBICHUIO BUTHEPOBCKON CUMMETPHH ISl YETHBIX A sizep
¢ poctom uzoctuna T, [10];

5) Haujyqmee Corjiracue pacyYCTHBIX 3HAaYCHUH SHEpPTUM (« — pacraza Q BBIYHCJIICHHBIX B

a b
npeanonoxennn E g (Z,N) =0 (coorsercTBytomuii BoccTaHOBNEHMIO BUrHEpOBCKOii SU(4)-cnvmerpun),

C IKCHEPUMEHTAILHBIMU JAHHBIMH JJIS1 CBEPXTSIKEIBIX SAEp MO CPAaBHEHHIO C JAPYTUMH COBPEMEHHBIMHU
TEOPETUYECKUMHU noaxoaamu [23];

6) pexkopaHas TOYHOCTh PACCUMTAHHBIX HAaMU 3HAUE€HUIl Macc aTOMHBIX SAep IS HYKJIUIOB C
00JIaCcTH ¢ BOCCTAHOBJICHHOW BUTHEPOBCKOM CITMH-U30CITHHOBOM cuMMeTpueit [24].

CymecTByOIUiA (hakTHYECKHI MaTeprall He MO3BOJISIET AENaTh BHIBOA O TIOJHOM TOAaBICHUH CIIHH-
OpOUTAJILHOTO B3aMMOJAEHCTBUS B CBEPXTSDKENBIX sAnpax. lmeerca Hane)xaa Ha Hanuuue BOJIM3H
marpyeckoro N =184 10ocTaTOYHO HHTEHCHBHOI'O CIWH-OPOMTAIBHOTO B3aUMOAEHCTBHA, Onaromaps
KOTOpOMY “OCTpoB cTabuibHOCTH OyIeT BO3MOXHO SKCIEPHMEHTAIbHO O0OHapykeHo. B mpoTuBHOM
cirydae, eciii marudeckoe N =184 HenocTaTOYHO MPOSBUTH ce0s, TUIIOTE3Y CYIIECTBOBAHUS “‘OCTPOBA
CTaOUIBHOCTH CJIEAYeT CUNTaTh HEOOOCHOBAHHOM.

HoBele cBepxTspkensle sapa ¢ MNOPSOKOBEIM  HoMepoM Z =116,117 u11l8 wu3 “octposa

CTaOMIIBHOCTH OKa3aJIMCh HecTaOMIBHBIMU. HeTaBHO OTKPHITHIC HOBBIE DJIEMEHTHI JKHBYT T'OPAa3JI0 OJIbINE
0oJjiee nerkux cocenei w3 HaOIrOgaeMoil TpaHCYypaHOBO# oOnacTu. B To ke BpeMs OHHM KHMBYT TOpasio
MCHBILIE TEOPETHYECKH MpEACKA3aHHBIX BPEMEH JKM3HM slep U3 “ocrtpoBa crabmibHOCTH [2-5].
I[Ipenckazannbie W HaOMOmaeMble BpeMeHa pasmuuarorcs Ha 106-102 pas. ITocneanee 06CTOATENBCTBO
BOCIIPUHUMAETCS MHOTMMH aBTOpaMH Kak TNpuemiieMoe. HekoTopble aBTOpBI CHpaBEAIMBO CUUTAIOT
“oCcTpoBa CTAOMILHOCTH — “MeJIbIo cTabmIbHOCTH [25].

Heo06xoanMo OTMETHT, YTO MECTONOJIOKEHHE Ha HYKJIMIHON KapTe “ocTpoBa CTaOMIBHOCTH U
o0JlacT BOCCTAHOBJICHUSI BHIHEPOBCKO# cruH-u30cnuHOBON SU(4)-cummerpun coBmagaroT. B ross
TEOPETHUYECKUX TMOUCKOB “OCTPOBA CTAOMIBHOCTH [2—5] CYIIECTBEHHBIX HKCICPUMEHTAIBHBIX JIAHHBIX,
CBHIETEIBCTBYIOIINX O BOCCTAHOBJICHUH BUTHEPOBCKO# SU(4)-cMMeTpUH B 00J1aCTH CBEPXTSHKEIBIX sIIEp,
He Opwro. IlodToMy B TeOpeTHYECKHMX pacueTax MEXaHWU3MbI, BOCCTAHABJIMBAIOIINE BHUTHEPOBCKYIO
CUMMETPHIO, KOHEYHO, HE YUYHUTHIBAINCH. B CBA3M C 3TUM, /Ui BBISICHEHHS BOINPOCA O CYIIECTBOBAaHHHU
“ocTpoBa CTAOMIBHOCTH® W JUIS YTOYHEHHS €r0 XapaKTEePHCTUK, TPeOYIOTCS HOBBIE HCCIIEIOBAaHUS
TEOPETUYECKOT0 XapakTepa € y4YeTOM BOCCTAHABIIMBAIOIIMX BHTHEPOBCKYIO CHMMETPHUIO (DaKTOpOB.
Pe3ymbraThl 3THX HCCIEeAOBaHWH, BO3MOXKHO, CMOTYT TNpPaBWIBHO OOBSICHUTH HabIIOgaeMble BpeMeHa
JKU3HU CBEPXTSDKEINBIX aTOMHBIX SIAEP.
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AHHOTAIUSA

Ilpeocmasnennas paboma paccmampusaem onmuyeckoe gocgamuoe cmekio Kak 0emexkmop pacnaoa soep.
Paspabomra memoouxu noucka pedxux cobdvimuil exuowaem 6 cebsi s0epHoe 00ayueHUe CMeKoL NOO PA3HbIMU
Yeramu ¢ NOCLeOVIOWUM XUMUYECKUM MPAGIEHUEM, YMO 6 C80I0 04epedb NO360JIeN GbIsIGUNb HA MUKDOCKONE
cobvimusi  pacnada sidep. Conocmagnsas noiyuenHvie Oanmvle, Oblid onpedeneHd NnapamempuiecKas
3a6UCUMOCTb 3APSAOA UOHOG NO UBMEPSEMbIM 2EOMEMPULECKUM XAPAKMEPUCMUKAM MPEKOB.

KawueBble ciaoBa: ontudeckoe (ocarHoe CTEKIO, XUMUYECKOE TPaBICHHE, aBTOMATH3MPOBAHHOE
000pyIoBaHUE ISl TPEKOBBIX H3MEPEHHI

Beenenue

Hauwunas ¢ 1960-x rr, mns perucTpanydu OCKOJIKOB JICICHUS SIIACp MPUMEHSIOTCS TBEPAOTEIHHBIC
TPEKOBBIE AETEKTOPHI U3 cTekia [1-3] ¢ BRICOKON 3 PEeKTHUBHOCTHIO PETUCTPAIINH, MAIOUyBCTBUTEIHHBIE K
cBery, (QoHy OeTa- M TaMMa-W3JIy4YeHHH W HUMEKIIMe HU3KWK coOCTBeHHBIH (oH. B pesynprare
MIPOXO0XKIEHUSI MHOTO3apsITHOTO MOHA B CTEKJIaX BO3HMUKAET CKPBHITOE M300pakeHHe B OpME OCTaTOUHBIX
IeQEeKTOB BIOJIb TpeKa YacTHULBl (JaTEHTHBIX TPEKOB) MIMPHHOW ~10 HM, KOTOpBIE BBISBISIOTCS
XUMHYECKUM TpaBjieHueM. lIpoTpaBieHHbIe cieapl HAOMIOJAIOTCS MO ONTHYECKUM MHKPOCKOIIOM Kak
yriayOJaeHns KOHN4eCKOH (hOpMBI C BEPIIMHOM, COBNAAIONIEH C TpaeKTOPHEH YaCTHIIbI, M C IMaMETPOM Ha
MOBEPXHOCTH CTeKJa rnopsiaka 5-10 Mxm.

Ilo cpaBHeHWIO C IPYrHMH TBEPAOTEIBHBIMU IETEKTOPAMU MHOTO3apSIHBIX HOHOB (CIIOJIAMHU,
IUTACTUKaMU), CTEKJIa 006J1aIatoT PSIOM NMPEUMYIIECTB, B TOM YHCIIE:

- OTCYTCTBHEM CIIOMCTOCTH, TPEMSATCTBYIOIIEH BOCCTAHOBIICHHUIO TTOTHOM JUTMHBI TpeKa (B OTJIMYHE
OT CITIOJIBI, CIIOMCTOCTh KOTOPOH, 0OYCIOBIICHHAs! KPUCTAIIMUECKIM CTPOEHUEM, COCTaBIsIeT ~ 10-6 MM);

- O0IETOCTYITHOCTBIO 1 OTHOCUTEIHPHON ACTIICBU3HOM;

- BBICOKOM yCTOWYHMBOCTBIO K M3MEHSIOMINMCS BHEIIHUM YCIIOBHSIM.

Ocob60 HEOOXOMMMO  OTMETHTHh  CIIGKTPOMETPHYECKOE CBOHCTBO  CTEKOJ, a HMEHHO
MPOIOPIIMOHANBHOCTh JIMHEHHOTO pa3Mepa 30HbI TPABHUMBIX JNEPEKTOB aTOMHOMY HOMepY Z YacTHIIbI,
3aMeyIAtoNIeiics B JETEKTOpe A0 OCTAaHOBKH. JTO CBOMCTBO MO3BOJISIET YCTAHOBUTH 3aBUCUMOCTh MEXIY
3apsA0M YacTHUIIBl M TEOMETPHUYECKUMHE MapaMeTpaMu TPeKa.

[Ipumensiembie B omuckiBaeMoM 3KcriepuMenTte (ocdaTHble CTekia OTHOCATCS K MarepHaiam ¢
IMIAPOKUM KJIACCOM COCTaBOB, B KOTOPBIX OCHOBHOHM CTEKII000pa3yromeld KOMITIOHEHTOW SIBIISETCS
nsaTHOKUCH Pocopa P2Os. Takue crekia, B YaCTHOCTH, ObLIM YCHEITHO MPUMEHEHBI B 3KCIIEPUMEHTE 110
noucky 105 smemenrta mo cnontanHoMmy zaeienuto B 1969 r B JIAIP OUSAU [4]. PocdaTtHOE cTekio,
coJieprKallee OKKUCh Iiepusi, UMeeT 3P EKTUBHOCTh perucTpaiuu ockoakos (70 + 8)% [5].

Jns oOpa3oBaHHs BHAMMOTO TpeKa HEOOXOIMMO, Y4TOOBI CKOPOCTh NMPOHHUKHOBEHHUS TPABSAIIETO
pacTBOpa B 30HY paIMallMOHHBIX TOBPEXACHUHN - CKOPOCTh TPABJIEHHUS BJIOJIb TPEKa - IIPEBBIIIANa CKOPOCTh
TpaBJICHUS] HETIOBPESKIACHHOTO MaTepuaia. B pe3ynbraTe XUMHYECKOTO TPaBJICHUS Ha MECTE JIATEHTHOTO
TpeKa MPOUCXOAUT O0pa3oBaHME TPEKa TPaBJICHHSA, pa3Mep KOTOPOTO MHPEBBIIIAET pa3Mepbl JATCHTHOTO
TpeKa Ha d4eTbipe mopsanaka. llpm mmmTensHOM TpaBIIEHMM KOHTPACTHOCTH TPEKOB IO MHUKPOCKOIIOM
MOCTETIEHHO YMEHBIIACTCS, YTO 3aTpyaHseT ux uiueHtudukanuio. (Jns dpochaTHBIX CTEKOI, yXyALICHUE
paspemieHust HabmoaeTcs npu auameTpe Tpexos Oonpire 100 mxM.) [ToaTomy mpu pazpaboTke METOAUKH
00paboTKM OOIyYEHHBIX CTEKOJ IEPBOCTEIICHHOE 3HAYCHHE HMEET BHIOOP ONTHMAIBHOIO pEXUMa
XUMHYECKOTO TpaBJeHHs. B 3aBUCHMOCTH OT PErHCTPUPYEMBIX YacTHIl M cocTaBa (hocdarHOro crekia,
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UCTIONB3YIOT pa3JIMYHbIe CHOCOOBI M PEXHMBI XMMHYECKOTO TpPABJICHUS, B KOTOPBIX BapbHPYIOTCS
peareHTsl, KOHIEHTPALUH, TEMIIEPATYPbl U ATUTEIbHOCTH TPaBJICHHS.

BaxubsiMu (akTopamu, BIMSAIOIMMH Ha 3(P(EKTHBHOCTh PETHCTPAllMK MHOTO3apsIHBIX HOHOB B
CTEKJIax, SBISETCA IUIOTHOCTh OOJydeHHss M KauecTBO 00paboTku wm3o0pakeHuid. Ilpm Oombmx
IUIOTHOCTSIX TPEKOB BO3PACTACT BKJAJ MEPEKPBHIBAIONIMXCSA TPEKOB, YTO NPHBOMUT K HEIMHEHHOCTH
XapakTepUCTHK aeTekTopa. [losToMy nuama3oH M3MEpeHHWi MapaMeTpoB TPEKOB, B KOTOPOM JETEKTOP
UMeeT JMHEHHBIC XapaKTePHCTHKH, 3aBHCUT OT pa3Mepa M IUIOTHOCTH TPEKOB, a Takke OT KadyecTBa
00paboTkn MX u300paxeHus Ha Mukpockome [l]. B nmanHoii paboTte aHamm3 3THX (PakTOpoB OBLI
OCYILIECTBJIEH Ha JTaIle MOJECTUPOBAHUSL.

KanuOpoBouHble 00,1y4yenns

HauanbHbIM 3TanoM moAroToBKY SKCIIEPUMEHTA M0 PETHCTPALIMK OCKOJIKOB JENICHUS CBEPXTSHKENbIX
siep  SIBISIETCSL TECTOBOE OOJydeHne o00pas3roB ¢GocdaTHOTO CTEKJIa pPa3IUIHBIX MapoK W BBIOOD
ONTUMATBHOTO crnocoba ux TpaemeHus. OOpa3usl (ocdarapix crexkon Mapok [JIC-22 u KH®C-3
00Iyyanuchr Ha Imydke MoHOB *32Xe?%* ma pesonancHoM mkiInueckoM yckopurene MI[-100 JISIP OUSN.
Pasmepsr 00pasnoB BapbupoBauch B auama3oHe oT 10x2 mm mo 10x10 MM mpu TommmHe 4 MM,
oOecrieyuBaroIel ONTUMAIBFHOE COYeTaHHEe HEOOXOAMMOM ONTHYECKON MPO3PAaYHOCTH M MEXAHMYECKOM
npoyHocTH. KoHeyHOW 3amaveld KalMOpOBOYHBIX OOJMy4YeHHH OOpasloB CTEKJIA SBIACTCS IONydeHUE
3aBUCHMOCTH T€OMETPUYECKUX XapaKTEPUCTHK TPEKOB OT 3apsijia, SHEPTHH, YIia MaJeHus U TeMIIepaTypbl
B IIPOLIECCE SKCIIO3ULINU.

Juist mepBoro o0iryyeHus: ObUIM MOJATOTOBJIEHBI IBE TpyMbl 00pa3uoB ¢ochatHoro crekna ['JIC-22
JUTS IBYX 3HaYeHWH yria nagenus mydka (0 u 60° k Hopmann), mo 3 obpasna B KaXJI0W TpymIe (TOJIIHON
2 MM, 3 MM 1 4 mMm). [loaroroBnenHsie 00pa3isl GochaTHOro cTekiia ObIIH MOABEPKEHBI PaIHalliOHHOMY
BO3/ICHCTBHIO B KaHaJle TPAHCIOPTA BBIBEIECHHOIO Iy4ka HOHOB 132Xe?* pe3oHaHCHOIrO IMKIMYECKOTO
yckoputens UL-100 JIAAP OUSIN. Dueprust ycKOpeHHBIX HOHOB KCeHOHa cocTasisia 1,16 MaB/HykioH.
[Mpubnu3utenpHbIil poder B iaBcane 22,5 mxm. Konrpomupyemsiii mo @Y (Hamamatsu H-10721-110)
NOTOK HMOHOB KceHoHa coctaBua N=1300 gyactuiy/cex-cm?. HabpanHas 3a BpeMms SKCIO3MIUM 032
cocraBmwia 6,2x10*gactury/cm? mpu yriie 0° OTHOCHTENBHO HOPMAIM K MOBEPXHOCTH (IEepBas Tpymma
crexon) u 3,1x10% yactun/cm? npu yrie 60° (Bropas rpyima crexoin). TpasieHue 06pa3ioB NEPBOii IPYIIIbI
cTexon mposoauiiock B 40% p-pe miaBukoBoi kuciaoTel HF B Heckosbko 3TamnoB. IIpoTpaBnenHsie 06pa3ibl
[ocie KaXIOro JTama TpaBlieHHWs ObUIM OTCKaHMPOBaHbl HA AaBTOMATH3MPOBAHHOM MHKPOCKOIIE
n3MepurenbHoro koMiuiekca [TABUKOM (JI9Y ®MAH) [6]. IlepBble skcriepuMeHTaIbHbIE Pe3yabTaThl
MO3BOJIMJIM OTIPEENIUTh AUANa30Hbl BPEMEHH TPaBJICHUS 00pa3LoB: A0 1 yaca B INIaBUKOBOM KHUCJIOTE U OT
5 1o 10 4acoB B THAPOKCHUIE HATPHSL.

Ha nanHOM sTame aHanmu3a AaHHBIX, TPaBJIEHUE B IUIABUKOBOM KHCJIOTE IIPEICTaBIIEeTCs Oosee
MPEANOYTUTENBHBIM: U300paKeHHsI TPEKOB MOHOB, NMPOTPABICHHBIX B IJIABUKOBOW KUCIOTE, 00JagaroT
OoJIbIIIel KOHTPACTHOCTHIO, IO CPABHEHUIO C TPABJICHUEM B THIPOKCHJIE HATPUS, YTO MOBBIIIAET TOYHOCTD
HU3MEPEHUN.

Ha srane BwiOOpa Tpassiiero cocraBa o0pasibl ¢ocharnoro crekia KHDC-3, obmyueHHbIe Ha
nydkax uoHOB Ag, Kr um 32Xe?* pa pesonancHom mukiuueckom yckopurene WI[-100 JISIP OVSIN,
TOJIBEPTaJIiCh TPABJICHHUIO C TIelbio Prkcanuu TpekoB noHOB. OTHa 4acTh 00pa3IloB TPABUIIACH B pACTBOPE
uraBukoBoi kucinoTel 40HF, a npyras - B pactBope ruapokcuna Hatpus 10NNaOH.

Ha puc. 1 nansl pe3ynbTaTsl CpaBHEHHUS TOJMIMHEI CTPABICHHOTO CJI0sI A, TIOIy4€HHOTO /715l 00pa3IoB
105-0-1 u 105-0-2, mpotpasnenasix B HF u 8 NaOH, cooTBeTcTBEHHO.

o pesynbraram u3mMepeHui 1uig AajdbHEHIINX padoT Oblia BEIOpaHa miaBukoBas kuciora HF. Otot
BBIOOp OBLIT O0YCIIOBIICH CICNYIOMUMHU (haKTOpaMu:

1) Kax Bugno u3 puc.1, Bpems tpasinenus B NaOH 3HaunTensHO npeBbIaeT BpeMs TpasieHus B HF
(myst OCTHMKEHUS TOTO YK€ PE3yIJIbTaTa).

2) Jaxe odeHb nponopkuTenbHoe BpeMs TpasieHus: B NaOH, B passl nonbiue, uem B HF, He naer
CBHJIETETHCTB O TOM, YTO TPEK IMPOTPABJIEH JI0 KOHIIA.

3) CrabunbHOoCcTh pe3ynbraTta TpaBieHus B NaOH cuiibHO 3aBUCHT OT BPEMEHH NPUTOTOBIICHUS
peakTuBa.
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Puc. 1 Pe3ynomamul cpasnenust moawursl cmpagienno2o cios A ons o6pasyos, npompasnentvix 6 HF u ¢ NaOH

AHaJu3 napaMeTpoB NPOTPaBJIEHHBIX TPEKOB PAa3JUYHbIX HOHOB

Bcero 6b110 00:1yueHo 71 o6pa3noB crekia, u3 KOTopsix 31 6bu1 00myueH nonamu Xe, 20 - nvoHamMu
Ar u 20 - nonamu Kr. 3amadeli uccieoBaHuiA SBIISIOCH BBISICHUTh BO3MOXHOCTh UICHTU(UKAIMH HOHOB
IO TapaMeTpaM WX TPEKOB, TPOTPABICHHBIX B CTEKIIE.

AHanmM3 SKCIEPUMEHTABHBIX 3aBUCHMOCTEH TITyOMHBI TPEKOB MOHOB X€ JJIsl Pa3HBIX SHEPTruil U
YTJIOB TaJleHus TIoKa3all, YTo TIyOrWHa TpeKa KakK MmapaMeTp He TO3BOJSIET OMpPENeNsiTh XapaKTepPUCTHKA
HOHa.

Cormnacho [1] mpu TpaBienuun B 6oiee ciradbom pactBope HF [1] nomxHa HabmogaThCst 60Jree BEICOKas
3¢ (EKTUBHOCTH PETUCTPALIUY, T.€. OOJIbIliee 3HAUEHUE OTHOLICHHUS] CKOPOCTEH TpaBJIECHUs IO TPEKy U IO
macce jaerekropa Vt/Vm. DT1o o0bsCHSAETCS, B YaCTHOCTH, 00JIee XOPOIIMMH YCIOBHSMH JIJIsi KOHBEKIMU
TpaBUTENS B 30HE TPEKa MPH MEUIEHHOM TPaBJICHUH, YeM IIPH OBICTPOM TPABJICHUH B KOHLIEHTPHUPOBAHHBIX
pactBopax [1] (Hukonaes, ¢.36). ITo 3Tol nmpuunHe UCCIEA0BaHUS ObUTH MPOJJIOJDKEHBI C KHCIOTOM OoJee
c1aboi KOHIIEHTPAIINH.

Ha HayanbHOM 3Tarie TpaBJIeHUsI KOHIEHTPALUS KUCJIOTHI 110 Macce cocTaBuia 520 r/i. [TockonbKy
B pe3yNbTaTe TPaBJIeHHS HE OBUIH IMOJyYeHBI TaHHBIE O 3aBUCHMOCTH Pa3MepoB JYHOK OT 3apsjia MOHOB
(puc. 2) ObUIO cHENaHO MPEINOJIOKEHHE, YTO TPH BBICOKOW KOHLIEHTPALMU TPABSILEr0 pacTBOpa IMpH
BBHIOpAaHHBIX HMHTEpBANaX TPABIEHHUS MBI TPOIMyckaeM (asy ONTHMambHOW pacTpaBIEHHOCTH TPEKOB,
00ycnaBIMBalOUIyI0 HaWTydllIee AJsl JAaHHBIX CTEKJIa U TPaBUTEIs pa3pelleHue.

IIpu mocnemyromneM TpaBIIeHUH KOHIICHTPAITHS M0 Macce pacTBopa 40 1/ okazaiack HeIOCTaTOYHOM
JUTS TIOSIBJICHUS BUJTUMBIX TpeKoB. [IpH mocienyonmx TpaBIeHusIX MPUMEHIICS PacTBOP KOHIIGHTpanuei
no macce 200 r/1 HF, TpaBieHre B KOTOPOM MO3BONMIO "pa3ienuTh" TPEKH OT Pa3IHUYHBIX HOHOB (CM.
Tabmuiy 1).

3aBHCUMOCTD AUAMETPOB JIYHOK OT BpEMEHHU TPaBJICHUHA

-

// Kr-92-0-k901

0 5 10 15 20 25
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E 10 _
g 8 //VJ
z, yd
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:
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Puc. 2 Jluamempul 1ynox om pasnuuHwix s0ep npu HOpMAiIbHOM NAOEHUU NYYKA
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Jlis MpakTUYeCKOro MPUTOTOBJICHHS PACTBOPAa Majod KOHIICHTpAIlMK Oblia B3ATa TUIACTHKOBAs
eMKocTh 00beMoM 60mit. Bpanu 5 M 40HF u nonuBanm 10 moaHOro oobemMa BOJOH, YTO COOTBETCTBYET
mpumetHO 3% HF.

HpI/I IIPUTOTOBJICHUU TPABUTECJIA, BI)I6paHHOFO B UTOTC 1A NIOJIYYCHHSA Ka4YCCTBCHHBIX PC3YyJILTATOB,
B IDTACTHKOBBIA MEepHBIN cTakaH nodasmsumm 35 M 40HF u monmBamu mo 100 M1 BOI0#, 9TO COOTBETCTBYET
npumetHo 20% HF.

Ta6.1 Pazmepsnl oceii IPOTPaBICHHBIX JYHOK OT PA3HBIX HOHOB € Pa3HbIMH JHEPIrUSIMH.
Yka3aHbl yIJibl aJeHUs MYyYKA K IOBEPXHOCTH o0pa3ua.

Bpems TpaBJieHus, Ar Kr Xe
MHAH
(60°, 44 M>B) (60°, 92 M>B) (30°, 160 M>B)

40 Bonbmas ock, MKM - 2,75+0,68 4,15+0,99

Manast 0cb, MKM - 1,37+0,48 2,16+0,82

50 Bonwmiast ock, MKM 1,99+0,37 3,96+0,89 5,77£1,49

Manas 0cb, MKM 1,61+0,33 1,96+0,66 2,7241,12

60 BoubImas 0ch, MKM 2,30+0,61 4,29+0,93 5,82+1,27

Mamnast ocb, MKM 1,72+0,50 2,04+0,76 2,80+1,21

75 Bombiias och, MKM 2,72+0,65 5,28+1,22 5,97+1,56

Mauast 0cb, MKM 1,88+0,55 2,50+0,93 2,93+0,84

90 Boubiias och, MKM 2,89+0,59 5,430,99 6,11+1,64

Mainast 0Cb, MKM 1,94+0,46 2,53+0,68 3,16+1,11

100 Bonwmiast ock, MKM 3,13+0,48 6,04+0,94 6,88+1,64

Manas 0cb, MKM 2,04+0,55 2,85+0,81 3,18+0,88

110 Bolb1iias 0Ch, MKM 3,2510,65 6,30£1,01 7,05£1,72

Maiast ocb, MKM 2,04+0,36 3,01+0,82 3,64+1,00

IMapaMeTprueckas 3aBHCHMOCTD 3aps/ia HOHOB II0 H3MePSeMbIM XapaKTepHCTHKAM TPEKOB

124

Xenon
(160 MeV)

o
?

[ee]
L

Pazmep syHOK, MKM
[e2]

30 40 50 60 70 80 920
Bpewmst TpaBnenus, MUH.

Puc.3 3asucumocmo onun (kpyenvie mouxu) u wupun (K8aopammwie MOYKY) IYHOK HA NOBEPXHOCMU OM 8PEMeHU MPaBIeHUs

W3 pucynka 3 BUAHO, 4TO MpoOLECC TPaBJICHUS pacnanaercs Ha Ase yacTu. OgHa U3 HUX (JIeBas Ha
PHUCYHKax) COOTBETCTBYET TPaBJIEHHIO 30HBI MOBPEXICHUS MaTepuana CTeKJa 10 TOYKH OCTaHOBa spa.
Bropas cBsizaHa ¢ IpOCTHIM pPacTpaBIMBaHUEM MaTepHaja B 00JIacTH, I/I€ TPEKA Y)K€ HeT U I CKOPOCTh
TpaBJIeHHUs CyLIeCTBEHHO HIKe. K03 duieHTs HaKIOHOB OTPE3KOB NPSMBIX B 3aBUCHMOCTSX Pa3MEpOB
JYHOK OT BPEMEHHU TpPaBJIEHHs OTPaKalOT CKOPOCTh TpaBJieHWs Ha JaHHOM ydacTke. Ha pucynke 30,
NpUBEAEHHOM HIXKE, TOKa3aHbl 3TH KOA(PPULUEHTH Kak QyHKUNY 3apsana. Buano, uyto ko3¢ duuneHTsl, a,
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CIIEIOBATENbHO, U CKOPOCTH N3MEHEHHSI pa3MePOB JIYHOK, CYIIECTBEHHO 3aBUCST OT 3apsia Ha HaualbHOM
aTame TpamieHus. BTopoil 3Tam B 3TOM OTHOIICHWHM HAMHOI'O MEHEE UyBCTBUTEJICH K 3apsany. Kak yxe
TOBOPWJIOCH, 3TO OOBACHAETCS TE€M, YTO Ha 3TOM JTale NPOMCXOAMT TPABJICHHE TOJBKO OCHOBHOTO
MaTepuala, Korja oT Tpeka y»Ke HU4ero He OCTaJloCh U [03TOMY JJIsl ONpeeNieHs XapaKTepUCTUK Apa OH
MaJIoOMH(GOPMATUBEH, XOTs, IO-BUAUMOMY, HEOOJIBIIOE BIMSHHUE 3apsAza, SHEPTUU U IPYTUX XapPaKTEPUCTUK
spa eme ocTaéres.
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OPEN QUANTUM SYSTEMS IN EXTERNAL MAGNETIC AND ELECTRIC
FIELDS

E.Kh. Alpomishev!, G.G. Adamian?, [Z. Kanokov'3, and N.V. Antonenko?
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100214 Tashkent, Uzbekistan

2Joint Institute for Nuclear Research,
141980 Dubna, Russia

3National University of Uzbekistan,
100174 Tashkent, Uzbekistan

The problem of description of a two-dimensional quantum system under the influence of external
magnetic and electric fields and energy exchange with its environment is of great interest in atomic, nuclear,
and plasma physics, astrophysics, condensed matter physics, quantum optics, and quantum information and
measurement theories Refs. [1, 2, 3].

In atomic physics, much attention is focused on the hydrogen atom in magnetic field for which the
experimental and theoretical studies yield excellent insights into the semiclassical and quantum aspects of
non-integrable systems. In nuclear physics, the study of nuclear properties in the strong field of magnetic
trap seems to be interesting. The observation of simultaneous violation of parity and time-reversal invariance
is based on the measurement of the linear polarization of gamma transitions produced by the de-excitation
of isomeric states of nuclei in the magnetic field at low temperature [4]. The intensive investigations deal
with the impact of external magnetic field on such systems as quantum dots, quantum wires, and two-
dimensional electronic systems [1, 2, 4, 5, 6, 7, 8]. The characteristics of plasma in the homogeneous
external field has also to be studied in the physics of gas discharge [9].

A charged particle moving in a static external magnetic field (without a confined potential) and
linearly coupled to a heat bath has been only treated in Refs. [10, 11], where a fully dynamical calculation
of the orbital diamagnetism has been presented. In Ref. [10] The non-Markovian and Markovian Langevin
formalism have been used in Refs. [10, 11], respectively. In all cases [10, 11, 12, 13], the magnetic field
affects neither the memory function nor the random force appearing in the quantum Langevin equation.

We consider the motion of a charged particle (collective system) with effective mass tensor and
charge e = |e| in the neutral bosonic heat bath (in this case heat bath consist of phonons) in the presence of
perpendicular axisymmetric magnetic field (along z axis). In the case of linear coupling in coordinates
between this particle and heat bath the total Hamiltonian of the collective subsystem+heat bath is as follows

1
2m

1
(px = eAc(6, 1)) 45— (y = eAy (6, + D heoybiby + ) (e, +yg,) (b3 + by)
x y v v

1 - -
+ Z " (ayx + gy¥)? + exE, + exE,(t) + eyEy + eyE,(t) (1)
v
v

where m, and m,, are the components of the effective mass tensor, 4 = (— %yB,%xB, 0) is the vector
potential of the magnetic field with the strength B = |B|, the constant E, (E,) and time-dependent electric
field E,(t) (Ey(t)) fields act in x (y) direction, p = (px, py, 0) is the canonically conjugated momentum,
by and b, the phonon creation and annihilation operators of the heat bath, and «, and g, are the coupling
parameters. The bosonic heat bath is modeled by an ensemble of non-interacting harmonic oscillators with
frequencies w,. The coupling between the heat bath and collective subsystem is linear in coordinates. The

coupling term and external magnetic field do not affect each other.
For convenience, we introduce the new definitions for momenta

1 1

Tx = Px T 5 MWy Ty =Py = 5 MyWcyX

. B
where w¢, = eB/m, and w., = eB/m,. The cyclotron frequency is w; = /W ey = J%
xMy

Therefore, the total Hamiltonian (1) is transformed into the form
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1

H=
2mx

w2+ —ny + Z hw, b b, + z (xa, +yg,) (b} + b)) + Z (avx + g,y)? + exE,
+ exE (1) + eyE, + eyE, (t) (2)

The system of the Heisenberg equations for the operators x, y, 7, 7,,, and the bath phonon operators
b,, b} is obtained by commuting them with H:

50 = 51,2 = 20
o mO
y(©) = %[ Wyl = “m, "

() = [, ] = 1y Dy — Y @y (b3 + by) = B, — ey (D)

v

ffy(t) = %[H, T[y] = _T[x(t)wcx - Z gv(b;— + bv) - eEy - eEy(t) 3)
and

B0 = £ [H, b1 = iw,b () + 1+ (a6 + g,y(D),

E
bv(t) = %[H: bv] = _iwvbv(t) - %(avx(t) + gvy(t))- (4)

We eliminate the bath variables from the equations of motion of the collective subsystem and obtain
the nonlinear integro-differential stochastic dissipative equations (Heisenberg-Langevin equations)

v =29,
yw =22
y

ffx(t) = T[y(t)wcy - mif dTKa(t' T)”x(T) — ek, — eEx(t) - Fa(t)'
0

1 -
Tty (1) = =T (D) Wex — —j dtK,(t,0)m, (1) — ek, — ek, (t) — F;(t). (5)
m,y, )

The presence of the integral parts in these equations indicates the non-Markovian dynamics.
Following the usual procedure of statistical mechanics, we identify these operators as fluctuations because
of the uncertainty in the initial conditions for the bath operators. To specify the statistical properties of the
fluctuations, we consider an ensemble of initial states in which the fluctuations have the Gaussian
distribution with zero average value

K »=KF{t) »=0

Here, the symbol «...>> denotes the average over the bath. We assume that there are no correlations
between F;'(t) and Fy(t). The dissipative kernels in Egs. (5) are
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2
K,(t—1) = Z 2:;’ cos(wy[t — 1),

2
Ky(t—1) = Z 29y cos(wy [t — T]).

hw,

It is convenient to introduce the spectral density D,, of the heat bath excitations which allows us to
replace the sum over different oscillators, v, by the integral over frequency: Y., ...— fooo dwD,.... Thisis

accompanied by the following replacements: a,, = a,, g, = gu, W, = w, and n,, = n,,. Let us consider
the following spectral functions [3]

ah X% v 95 _ % v?

D,—2=2_1 _ p, 222 L _
Yo my?t+e? e wy?+w?

where the memory time y~! of dissipation is inverse to the phonon bandwidth of the heat bath
excitations which are coupled with the collective oscillator.

Ay=0.001

2

7 1 1 1 1 | 1 1 1 1
0,00 0,01 0,02
oy

10

Figure 1: The calculated maximum absolute value z-component of angular momentum my 3 LIY** (c0) / (eE)? as a function
of w./y and here 1/y = 0.001

For simplicity we choose E, (t) = Eygcos(weyt), E, (t) = 0, E; = E;, = 0. The angular momentum
has an asymptotic value, even if the friction coefficients are different. But in this case the expression
becomes more complex. Therefore, we write the analytical expression for the case that the friction
coefficients are the same 1, = 4, = 4, then we have to asymptotic z — component of angular momentum
following expression

[e2EZpwc (Y + w2 ) (v(y — D) + wiy)]

Lzz(0) = — Q (6)

here,

Q = m(y*(w? + 22)? + wZ (¥ (¥ — 22) + w2, — 0w2) 2y (A% — wd) + (¥ (¥ — 22) — W) w2, + wiy)).
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Figure 2: The calculated maximum absolute value z-component of angular momentum my 3 LI¥** (o) / (eE,)? as a function
of w./y and here 1/y = 0.1

Asseen, L,, () = 0 at w. = 0. It can be seen from the above expression (9), the value of asymptotic
z — component of angular momentum L, (o) depends on w,. If the coefficient of friction is zero, that is,
in the absence of friction, the maximum does not exist. Frequency wZ***, corresponding to the maximum
value of asymptotic z — component of angular momentum depended on frictional coefficient A and
frequency of electric field, it depends on y weakly. We get the following simple expression for w[***:

\/wezx -2+ 2\/a)§x + w2, A% + A%

WX = . 7
As a result:
Lo (oo = e2EZowc (¢ +yH)(wZ +y(y — 1) ©

2/12m(4w§ + 4wy (y — ) + y222)

Here, L7%**(o0) has two maximum points. Taking into account y > A, results of numerical
calculations represent the maximum points at to w. = 1/2 and w, = y. The value of L74** (o) at the first
point (w, = A/2) is equal to

e’EZy
4mA3

L78X (o) = —

The value of L74** (o) at the second point (w, = y) is equal to

e’E%,
2myA?

max( )__

In our calculations the mass parameter was chosen as m = 448m, (m, is the nucleon mass). The
value of y should be taken to fulfill the condition. We set iy=12 MeV and 4, = A, = 4. The dependence
of the absolute maximum value z —component of angular momentum L75**(c0) on magnetic field is given
in Figs. 1 and 2. Here, we set w, = w[***. If the the friction coefficient is small (Fig.1, here 1/y = 0.001),
the angular momentum of the charged particles have one maximum point. The maximum value of L74** (o)
corresponds to w,. = A/2. As the magnetic field increases, the value of L7,** (o) decreases. If the the friction
coefficient is a enough large value (Fig.2, here 1/y = 0.1), the angular momentum of the charged particles
have two maximum points. One of the maximum values of L7¥** (o) corresponds to w,. = A/2, the other
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maximum point corresponds to w. = y. If the magnetic field increases to a sufficiently large value, then
L74** (00) also increases.

As can be seen from the graphs above, if we obtain experimentally the binding of L75**(0) to w,,
depending on its maximum points, we can measure the friction coefficient (1) and memory time (y 1) for
an open quantum system. For an open quantum system, these quantities are especially important for atomic,
nuclear, and plasma physics, condensed matter physics, quantum optics, quantum information and
measurement theory.
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Nowadays, one of the intensively developing topics of theoretical and mathematical physics is the
non-equilibrium quantum theory. The study of the dynamics of open systems is directed towards derivation
of transport equations and finding transport coefficients which they include. Many works are devoted to
developing of formalism for the description of statistical and dynamical behavior of open systems. Powerful
apparatus for solving complicated statistical problems of open systems is the theory of Markovian random
processes and diffusion type processes, which has the origin of Brownian motion. However, the use of
models of Markovian random process in many cases is quite rough, and in some cases - actually inapplicable.
In that reason, designing of mathematical methods to consider non-Markovian random processes becomes
natural and realistic. One of the possibilities of mathematical representation of non-Markovian process is
using of integro-differential equations rather than differential equations. Study of behaviors of dissipative
guantum non-Markovian system beyond weak coupling or high temperatures draws an interest into exact
solvable models [1, 2, 3, 4, 5, 6, 7, 8]. In these models the internal subsystem (i.e., reservoir) is represented
by a set of harmonic oscillators, whose interaction with a collective subsystem of harmonic oscillators is
realized by the linear coupling between coordinates. Density of oscillators and coupling constants between
internal and collective subsystems are chosen so that equations of motion for averages to be consistent with
the classical formalism. Among quantum transport equations one can recommend the phenomenological
Lindblad equation [9]. A guantum oscillator coupled to a heat bath is a very important and useful problem
for many processes dealing with dynamics of open quantum systems [10]. In this work the problem of two
coupled quantum oscillators interacting with ensembles of harmonic oscillators is considered.

Let us define the microscopic Hamiltonian H of the total system (internal subsystem plus collective
subsystem), which will be used to obtain non-Markovian quantum stochastic Langevin equations and time-
dependent transport coefficients for the collective subsystem. In a quantum Hamiltonian was constructed
for the systems, which is explicitly dependent on the collective coordinates R, and R,, canonically conjugate
collective momentums P; and P, and internal degrees of freedom

P} muw?R? P myw3R:

H= T t— T + ==+ gRiRy + Z hw, bl b, + Z (ayRy + g,Ry) (b + b))
v v

1
+ Z h_wv(ale + ngZ)Z (1)
v

The coupling parameters «,, and g, are
2 my I 2 myAp Iy
ay = A yGv = T
where 4; and A, are parameters which measure the average strengths of the interactions and T, are
the coupling constants. b, and b,, are the phonon production and annihilation operators that describe internal
excitations of the system with energy hw, . For the sake of simplicity, we omit the signs of the operators.
Using Hamiltonian (1), we obtain a system of quantum Heisenberg equations for the operators related
to the collective and internal motion
J Py(t)

Ry(®) = = [H,Ry(©)] =

my

. [ P.
Fal®) = £ [H, Ry(0)] = 22

Bi(0) = 2 [H, (O] = =my 3Ry () = ) @y (B + by(0) = gRa(®)

P() = = [H, P (O] = =ma3Ra(®) = > gy (bI(0) +5,(®) — gR1(©) ()
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and
bE(©) == [H,bI (O] = 1w,bf(©) + 3 [ayRy(©) + g R (),
bu(6) = 2 1H, by (D] = —itoyby (6) = T [0 Re(6) + GuRo(®)]. (3)

We eliminate the bath variables from the equations of motion of the collective subsystem and obtain
the nonlinear integro-differential stochastic dissipative equations

. P
hw =22
Rty =23,

2

¢
. 1
P (t) = —mywiR;(t) — gR,(t) — m_lf dtK, (t — 1)P1 (1) — F,(¢),
0

t
. 1
Pz(t) = _gRl(t) — mzw%Rz(t) — m_zf dTKz(t - T)Pz(T) - F:g(t), (4)
0

where

hw
2

29y
Ky,(t—1) = Z hf) cos(w, (t — 1))

v

2
Ki(t—1) = z 2ay cos(w, (t — 1))

v
It is convenient to introduce the spectral density D (w) of the heat bath excitations which allows us to
replace the sum over different oscillators v by the integral over the frequency: Y., ... —» fom dwD(w) .... This

replacement is accompanied by the following replacements: I, - I,, w, » @ and n, - n,. Let us
consider the following spectral functions
“w my*l+w? ’w wy?+oe?
where the memory time y 1 of the dissipation is inverse to the phonon bandwidth of the heat bath
excitations which are coupled with the collective oscillator.

2
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Figure 1: The calculated time dependence of normalized interaction energy = Zi)"i(;)(t) at g = —1 MeV-fm2 (left side) and
1 2

g = —10MeV-fm2 (right side). The results for 1, /w = 2,/w = 1/w = 0.1 and y/w = 12.

Thus, a system of generalized nonlinear Langevin equations (4) is obtained. The presence of the
integral terms in the equations of motion means that the non-Markovian system remembers the motion over
the trajectory prior to the time t. Analytical solution is possible if the functionals in (4) are replaced by their
mean values considered to be weakly varying in time t and the renormalized potential is approximated by
the harmonic (or inverted) oscillator. In this case, we have a system of generalized Langevin equations with
dissipative memory kernels. We will solve them using the Laplace transform to obtain linear equations for
images. Expressions for the images yield explicit expressions for the originals
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Ri(t) = A1(1)R1(0) + A2(t)R,(0) + A3(t)P1(0) + A4(t)Po(0) — I (t) — I1(t)
R, (t) = B1(t)R1(0) + B, (t)R,(0) + B3(t)P1(0) + B4(t)P,(0) — I(t) — I3(t)
Py(t) = C1(t)R1(0) + C2(t)R2(0) + C3(t)P1(0) + Ca(t)P2(0) — I3(t) — I5(t)
P,(t) = D1(t)R1(0) + D, (t)R2(0) + D3(t)P;(0) + D4(t)P,(0) — In(t) — I14(1)

Averaging them over the whole system and taking the time derivative, we obtain the following system
of equations for the first moments:

< Ry () >= <h®>
1
< Ry(t) >= =20 > P:TS) Z

< Py(t) >= —2Ap, < Py(t) > +pp, < Po(t) > —cg, < Ry(t) > +8p, < Ry(t) >
< Pz(t) >= _APZ < Pz(t) > +pR2 < Pl(t > _CRZ < Rz(t) > +6R2 < Rl(t) >

where the time-dependent coefficients Ap, (t), Ap, (1), pr, (t), Pr, (1), cr, (b)), Cr, (1), g, (£), bg, (1).
The coefficients Ap, p, (t) are related to the friction coefficients. The renormalized stiffnesses are cg, g, (t).

Thus, we obtain equations for the first and second moments with the transport coefficients explicitly
depending on time, collective coordinate, and momentum. It is the time dependence of these coefficients
that results from the non-Markovian nature of the system.

Figure 1 shows the ratio of the interaction energy to the oscillator energy for different coupling
coeffisient between two oscillators. As you can see, with a decrease in the coupling coefficient, the
fluctuation of the interaction energy increases.We are well aware that the problem ofinteractions of particle
in nonequilibrium systems allows for a better understanding of natural phenomena.
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Abstracts

The results of a comparative analysis of the average values of various kinematical characteristics of protons in
n'?C and p'?C collisions at 4.2 GeV/c are presented. A difference is found in the average values of the total
momentum of protons in the collisions under consideration. The coincidence of the inclusive spectra of protons
in the rapidity in the region of target fragmentation was found.

Key words: bubble chamber, neutron, proton, nucleus, inelastic charge exchange, A° isobar, momentum,
transverse momentum, rapidity, emission angle.

1. Introduction

Interactions of high-energy protons with nucleons and nuclei are studied fairly well experimentally
in a wide range of primary energies, while due to the difficulties in obtaining monochromatic beams of
neutral particles, experimental information on neutron collisions with nuclei (nA) obtained under conditions
of 4n-geometry is very scarce [1—7] and based on small statistics. Therefore, obtaining experimental data
on nA collisions and comparing them with the data on pA interactions at the same energy and for the same
target nucleus is of considerable interest. This work continues our research [1,3,4,6] and is devoted to a
comparative analysis of the various kinematical characteristics of protons in n2C and p*?C collisions at a
momentum of 4.2 GeV/c.

The experimental material was obtained using a 2 meter propane bubble chamber of the High Energy
Laboratory of the Joint Institute for Nuclear Research (Dubna, Russia), exposed to the beams of protons,
deuteron nuclei (d = ?H) and helium-4 at the momentum of 4.2 GeV/c per nucleon at the Dubna
Synchrophasotron and consists of 6736 p*2C, 7071 d*C and 11974 “He'?C collision events. Total statistic
of n*2C events, selected from d*?C and “He*C collisions consist of 2798 [8]. Negative pions were identified
visually only by the sign of the charge. Among them, an admixture of unidentifiable electrons does not
exceed 5%, and negative strange particles = 1% [9]. The lower boundary of the momentum, starting from
which charged pions are confidently identified, is 55 MeV/c, and for protons — 140 MeV/c. In the propane
bubble chamber, protons and n* mesons are effectively identified visually in the momentum region p <750
MeV/c. Methodological features of the experiment and the detailed data on corrections for the loss of
secondary charged particles are discussed in [8, 10-12].

2. Momentum and angular characteristics of protons

Table 1 shows the average values of the total and transverse momenta of protons with their average
emission angles and rapidity’s in n*2C and p*C collisions separately for events with and without negative
pions in the final state of reaction.

To understand the difference in the average momentum of protons observed experimentally let us
consider possible elementary reactions which may lead to increase or decrease in the average momentum of
protons in each one of individual collision events:

reactions for n*2C collisions reactions for p*2C collisions

nn—-nn+x

2)Nn - npr +x
3)nn - prn+x
4)nn > prpr +x
5)np > np +x

6) np > pn +x
7)np—prp+x
8) np —» prna* +x
9) np > nna* +x

1) pp —>pp +x

2") pp — pntt +x
3) pp - n'p +x
4") pp = na*nmt + x
5) pn— pn +x

6') pn > np +x
7") pn = na'n + x
8) pn - na*pr+x
9) pn — ppr +x,
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where x stands for "anything" permitted by the laws of conservation of electric and baryonic charges.
We note that the elementary reactions above are line-by-line conjugate, i.e. they are realized with the equal
probability. Based on the isotopic invariance of strong interactions, we can obtain the following equalities.
The probability of the reaction (1) W, is equal to the probability of the reaction (5) (Ws) i.e. W1 = W5, the
probabilities for realization of reactions (2), (3), (7) and (9) are also equal to each other, i.e. W, = W5 =W
= W,. The same line of equalities can be obtained for p'?C-collision reactions.

In p*C collisions protons of the final state consist mainly of the primary proton and the protons
knocked out of the target nucleus — as in reactions (1'), (2") (3") (5"), (6'), whereas in n'?C collisions
significant part of them consists of protons knocked out of the target nucleus (reaction (5)) and protons
produced in charge exchange processes between the projectile neutron and the target proton (reaction (6)).
We see from the table 1 that the average value of the total momentum of protons has the greatest value, as
expected, in p'2C collisions in the absence of negative pions in the event.

Table 1: Average values of the total, transverse momenta, the emission angles, and the rapidity of protons in n*2C and p**C
collisions in events with and without negative pions.

Type of collisions
Value n'?C prC
n(n) =0 n(n)>1 All n(#)=0 n(n)>1 All
<P>, GeV/c 0.79+0.02 | 0.86+0.02 | 0.83+0.01 1.02+0.01 | 0.82+0.01 | 0.96£0.01
<P.>, MeV/c 327+5 337+4 332+3 370+ 3 353+3 365+ 2
<>, degree. 58.1+£0.9 495+ 0.6 53.5+04 51.3+04 50.5+0.5 51.1+£0.3
Y 0.41+0.01 0.51+0.01 0.46 +0.01 0.56 + 0.01 0.48 +0.01 0.53+0.01

The average value of the total momentum of protons formed in n'?C collisions with n (z”) = 0 is much
smaller than that in p*2C collisions because most protons in this case come from the target. In the case when
one or more negative pions are formed in an event, the average value of the total momentum of protons in
ni2C collisions is greater than in p!2C interactions. This observation can be attributed obviously to the
contribution of protons from inelastic charge exchange processes of the initial neutron into the proton and
7~ meson. In p*?C collisions, reactions (8') and (9') contribute to the formation of protons, and because
contribution to protons from the neutron of the target nucleus is significantly higher than that from the
projectile, the average momentum of protons here is lower than that of protons formed in n*2C collisions. It
is interesting to note that the average value of the total momentum of protons in n*2C collisions with n (x")
= 0 is close to that in p'?C interactions with n (=) > 1. As mentioned above, in both cases the main
contribution to the formation of protons comes from neutrons of the target nucleus, which leads to leveling
off of the difference in the average values of the total momentum.

Table 1 shows also that the average values of the transverse momentum of protons are larger in pt?C
than in n'2C collisions regardless of the presence of negative pions in the event. Moreover, in n*2C collisions
the average values of the transverse momentum of the protons within the statistical errors do not depend on
the presence of a negative pion in the final state.

It could be noted that in n*2C collisions with n(z") = 0 the average value of the proton emission angle
deviates from smooth behavior at 6= (58.1+0.9)°. Here, contributions of two mechanisms of proton
formation are clearly manifested, and contribution from the knockout of the target nucleus proton by the
initial neutron is greater (reaction (5)) than contribution of the mechanism of charge transfer from the target
proton to the initial neutron (reaction (6)).

It follows from table 1 that the average rapidity of protons reaches its maximum values in p*?C
interactions at n (=) = 0, and a minimum in n'2C collisions with no negative pions in the final state. This
fact can be interpreted following the same arguments as before when we have discussed the average values
of the total momentum and the proton emission angle in p*2C and n*2C collisions with and without negative
pions in the final state.

Now we turn to a comparative analysis of the spectra of the total and transverse momenta as well as
rapidity distributions of secondary protons in n!2C and p*2C collisions at 4.2 GeV/c.

Fig. 1 shows the total momentum distribution of protons in the laboratory system in p*?C and n*?C
collisions. Both distributions have no irregularities, show a qualitatively identical dependence on the
momentum and have extended “tails” due to the effects of leading primary nucleons. In the momentum
region, p < 1.7 GeV/c, the multiplicity of protons in p*2C collisions is systematically higher than in n'?C
interactions. The difference of multiplicities in the target fragmentation region (p <1 GeV/c) is associated
with both the charge exchange processes pn = np (reaction (6")) in p*?C collisions which increase the
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multiplicity of protons in this region of momenta and np = pn (reaction (6) which reduce the multiplicity
of protons in n*2C collisions in the same region.
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Fig. 1. The distribution of protons on the total Fig. 2. Transverse momentum distribution of protons
momentum in the laboratory coordinate system n'2C (o) and in n'2C (o) and p*C (e) collisions at 4.2 GeVi/c.

p'2C (e) collisions at 4.2 GeV/e.

In the range of momentum 1 <p <1.7 GeV/c, the difference in these multiplicities is apparently due
to the energy loss due to rescatterings or the formation of A* — p +x° and A*™ — p + x* isobars, which lead
to the decrease of the momentum of an initial proton in p*2C collisions. In the case of n'?C collisions protons
in this region are produced from creation and decay of the isobar A° — p + =~ (it can be produced in reactions
(3), (4), (7) and (8)), the formation cross section of which is less than the total cross sections for the formation
of both A* and A** isobars, the latter ones leading to a smaller multiplicity of protons.

It is interesting to note that in the momentum region p > 1.25 GeV/c (we have determined this
conditional boundary of the proton momentum from the equality of the average multiplicities of protons in
the regions p <1.25 GeV/c and p > 1.25 GeV/c in 2C*?C collisions, since this system is symmetric) the
average multiplicity of protons in n*?C collisions coincides numerically with the coefficient of inelastic
charge exchange reaction of neutrons into protons and equals 0.36 + 0.01. For p*?C collisions it is 0.49 +
0.1 experimentally, which indicates that some of the leading protons of the final state shift to the region of
lower momenta.

Fig. 2 shows the transverse momentum p; distribution of protons in p2C and n*2C collisions. Both
distributions have qualitatively identical p: dependence. The average values of transverse momenta of
protons differ by (9—10)% (see table 3). The difference in the average multiplicities of protons in these
collisions is concentrated mainly in the region of low p; < 1 GeV/c, while the width of the spectrum of
transverse momenta in p*2C collisions is 10% larger than in n'C interactions. In the region of high p;> 1
GeV/c the spectra coincide with each other within the limits of statistical errors.

Fig. 3 shows the rapidity Y distribution of protons in the laboratory system for n?C and p'?C
collisions. We see that the difference in these spectra is localized in the central region —0.1 <Y <1.25. The
coincidence of the rapidity spectra in the lower part of the target fragmentation region is associated with
formation of cumulative protons. Indeed, it is easy to show that the region Y < -0.1 corresponds to the range
of cumulative numbers > 1.3, (B is defined as B=(E-PL.)/mp, where E, PL and m, are the total energy,
longitudinal momentum and proton mass, respectively) in which, by definition, such protons are considered
to be cumulative. It was shown in [13] that for =—*°C collisions at 40 GeV/c and for p*?C, “He'?C and *2C'?C
collisions at 4.2 A GeV/c, the average multiplicity of cumulative protons turned out to be independent of
the type (charge) and the mass of the incident particle and equal to 1.05 = 0.01. The proportion of cumulative
events is equal to 10% of the total number for collisions of protons, a particles, and carbon nuclei. These
circumstances altogether lead to the coincidence of inclusive cross sections for the formation of cumulative
protons for n*?C and p*?C collisions. We also note the coincidence of the inclusive rapidity distributions of
protons in the projectile fragmentation region.

In fig. 4 we show the cosine distribution of the proton emission angles in the laboratory system for
ni2C and p'?C collisions. The difference in the spectra is observed in the region cos6> —0.25, whereas in the
region cost <—0.25, the spectra coincide within the limits of statistical errors. The average values of these
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spectra, equal to 0.51 £ 0.01 and 0.52 + 0.01 in n*?C and p*2C collisions, respectively, also coincide within
the statistical errors.
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Fig. 3. Rapidity distribution of protons in the Fig. 4. Emission angle distribution of protons
laboratory system in n'2C (o) and p*2C (e) collisions at in the laboratory system in n'?C (o) and p'*C (e)
4.2 GeVlc. collisions 4.2 GeV/c.
4. Summary

In this paper we have presented the new data on interactions of neutrons with carbon nuclei at 4.2
GeV/c. The comparative analysis of the average values of various kinematical characteristic of protons
produced in n'?C and p*2C collisions at 4.2 GeV/c have been performed.

The difference in the average momenta of the protons in p*?C and n'2C is connected with the
difference in the probabilities of conservation of a proton in the first case and of the charge exchange of the
primary neutron into the proton in the second case. The coincidence of the inclusive cross sections for proton
formation in n*2C and p*2C collisions in the lower part of the target fragmentation region can be related with
production of cumulative protons, whereas their coincidence in the projectile fragmentation region is
associated with the leading particle effect in hadrons-nuclear collisions.
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Abstracts

The results of a comparative analysis of the average multiple protons, n* and =~ mesons in n*?C and p*?C
collisions at 4.2 GeV/c are presented. The correlations between the multiplicity of protons and the presence (n
(r) > 1) (or absence (n (r) = 0)) in the event a negative pion were also investigated. The fractions of events
with n(z") = 0 and n(z~) > I are found. Positive correlations were found between the average multiplicity of
protons and number of negative pions in both types of collisions. These correlations are related with inelastic
charge exchange of a neutron into a proton and z~ meson and/or with the formation and subsequent decay of
the A° isobar.

Key words: bubble chamber, pions, neutron, proton, nucleus, multiplicity, correlations, inelastic charge
exchange, A° isobar.

Introduction

Interactions of high-energy protons with nucleons and nuclei are studied fairly well experimentally
in a wide range of primary energies, while due to the difficulties in obtaining monochromatic beams of
neutral particles, experimental information on neutron collisions with nuclei (nA) obtained under conditions
of 4n-geometry is very scarce [1—7] and based on small statistics. Therefore, obtaining experimental data
on nA collisions and comparing them with the data on pA interactions at the same energy and for the same
target nucleus is of considerable interest. This work continues our research [1,3,4,6] and is devoted to a
comparative analysis of the multiplicity of protons and charged pions formed in n*?C and p!2C collisions at
a momentum of 4.2 GeV/c.

The article consists of truth sections. In the first section we discuss the experimental material and the
technique for separation of neutron collisions with carbon nuclei from d*?C and o!?C interactions at 4.2
GeV/c per nucleon in a propane bubble chamber. The second section is devoted to a comparative analysis
of the average multiplicities of protons, =* and =~ mesons in n'?C and p'?C collisions. The truth section
provides a brief summary.

1. Experimental material and separation of neutron-carbon collisions from d?C and a!2C
interactions at 4.2 GeV/c per nucleon

The experimental material was obtained using a 2 meter propane bubble chamber of the High Energy
Laboratory of the Joint Institute for Nuclear Research (Dubna, Russia), exposed to the beams of protons,
deuteron nuclei (d = ?H) and helium-4 at the momentum of 4.2 GeV/c per nucleon at the Dubna
Synchrophasotron and consists of 6736 p'2C, 7071 d*C and 11974 “He'*C collision events.

Negative pions were identified visually only by the sign of the charge. Among them, an admixture of
unidentifiable electrons does not exceed 5%, and negative strange particles ~ 1% [8]. The lower boundary
of the momentum, starting from which charged pions are confidently identified, is 55 MeV/c, and for protons
— 140 MeV/c. In the propane bubble chamber, protons and ©* mesons are effectively identified visually in
the momentum region p < 750 MeV/c. Methodological features of the experiment and the detailed data on
corrections for the loss of secondary charged particles are discussed in [9-11].

Interactions of neutrons with carbon nuclei were extracted from collisions of deuterons and “He nuclei
with carbon nuclei by observing their characteristic feature - the presence of a spectator proton and *He
nucleus in these events, respectively. Note that the initial d*>C and “He'?C collisions are cleared of elastic
and diffraction events according to the criteria described in [11]. In experimental works, the following values
0 of the limiting emission angles were used to isolate spectator particles: in [12], the emission angle is less
than 3°, in [13] — 6 <2.4° and in [14] — 6 <2.5°. In these studies, the momentum of an incident projectile
nucleus ranged from 4.1 to 4.5 GeV/c per nucleon, which is close to 4.2 GeV/c per nucleon, as in our
experiment. According to our earlier work [3], a positively singly charged particle with a momentum of 3.0
<p <5.4 GeV/cand an emission angle in the laboratory system 6 < 3° was attributed to the spectator proton.
As a result of applying these criteria, 1612 and 1186 n*?C events were selected, respectively, from d*?C and
“He'?C collisions. The fraction of n'?C events extracted from d'C collisions is (0.23 + 0.01) which is close
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to the value (0.20 + 0.01), obtained in [3] from d(CsHs) collisions taking into account cross sections of
inelastic d*2C and dp interactions and the number of carbon and hydrogen nuclei in propane. The fraction
of n*2C events selected from *He*?C collisions is (0.10 + 0.01). The smallness of this value compared to the
fraction of n'?C events extracted from d*2C collisions can be explained by the large value of the cross section
for inelastic interaction of *He nuclei with nucleons of the carbon nucleus compared with those for proton-
nucleon (pN) collisions.

In order to collect n'2C events extracted from d*2C and “He*2C collisions in a single ensemble we have
calculated the average values of the total and transverse momenta of the == mesons from both groups of
events. The average values of the total momenta of 7~ mesons in n'?C events obtained from d*2C and “He'?C
collisions turned out to be (0.594 0.01) GeV/c and (0.59 + 0.020) GeV/c, respectively, which coincide. We
also note the coincidence within the statistical errors of the average transverse momenta of the 7~ mesons in
ni2C events obtained from d!?C and “He'?C collisions, (0.25 + 0.01) GeV/c and (0.24 + 0.02) GeVI/c,
respectively. Therefore the average values of the emission angles of =~ mesons in n*2C events extracted from
d*2C and “He*?C collisions must also coincide. These circumstances allow us to combine events into a single
ensemble of n*2C collisions with a total statistics of 2798 events. Further analysis of the average
multiplicities of protons, =~ and «* mesons, as well as kinematic characteristics of protons was carried out
for a combined ensemble of n*?C events.

Method of reconstruction of particle momenta with a projection length of tracks less than 4 cm and
separation of fast protons and ©* mesons are presented in [15].

2. Average multiplicities of protons and charged pions

In table 1 we present the average multiplicities of protons, =~ and ©* mesons in p'?C and n*C
interactions at 4.2 GeV/c.

Table 1:The average multiplicities of protons, n~ and &* mesons in p**C and n**C collisions

Value g Type of collisions —
<npg> 1.92 +0.02 1.65+0.02

<n(n")> 0.36+0.02 0.64+0.02

<n(z*)> 0.63£0.02 0.37+0.02

It follows from the table 1 that the average proton multiplicities in p*2C interactions are greater than
in n*2C collisions. To understand the difference in the average multiplicity of protons observed
experimentally let us consider possible elementary reactions which may lead to increase or decrease in the
number of protons in each one of individual collision events:

reactions for n*2C collisions reactions for p!2C collisions
1)nn —>nn+x 1" pp — pp +x
2)nn - npr +x 2") pp — pnet +x
3)nn - pnn+x 3 pp > natp +x
4)ynn - prpn +x 4" pp — Nt + x
5)np > np+x 5) pn — pn +x
6) np > pn +x 6)pn - np +x
7)np—->prp+x 7 pn — nwtn +x
8) np - prn* +x &) pn — na*pn + x
9)np — nna* +x 9") pn — ppr + X,

where x stands for "anything" permitted by the laws of conservation of electric and baryonic charges.
We note that the elementary reactions above are line-by-line conjugate, i.e. they are realized with the equal
probability. Based on the isotopic invariance of strong interactions, we can obtain the following equalities.
The probability of the reaction (1) W, is equal to the probability of the reaction (5) (Ws) i.e. W1 = W5, the
probabilities for realization of reactions (2), (3), (7) and (9) are also equal to each other, i.e. W, = W3 =W
= Wo,. The same line of equalities can be obtained for p*2C-collision reactions.
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According to numerous experimental data [16—20], the total probability of reactions in which the
initial neutron (proton) is preserved equals 0.64, and the total probability of reactions in which the initial
neutron (proton) is converted into a proton (neutron) equals 0.36. Further, the assumption that other reactions
with the formation of 7° mesons or production of the pair of =" and &~ mesons in both collisions occur with
the same probability, as well as the fractions of protons formed from the target nucleons are the same (due
to the same number of protons and neutrons in the 2C nucleus) leads to the following conclusions.

1. The difference in the average multiplicities of protons in p*?C and n*2C collisions is equal to the
difference in the probability of conservation of the initial proton in p*2C and the probability of the neutron
becoming a proton in n*2C collisions, i.e. 0.64—0.36 = 0.28.

2. The average multiplicity of negative (positive) pions in n*2C collisions is equal to that for positive
(negative) pions in p*2C interactions.

3. The average values of the kinematic characteristics of negative (positive) pions in n*2C collisions
within the statistical errors should coincide with those for positive (negative) pions produced in p*C
interactions.

From the data of table 1 we see that the difference between the average proton multiplicities in the
p*2C and n*2C collisions is 0.27 + 0.03, which, within the limits of statistical errors, coincides with the value
of 0.28 obtained by us (the first conclusion above). It also follows from table 1 that the average multiplicity
of negative (positive) pions in n'?C collisions within statistical errors coincides with that for positive
(negative) pions in p*2C interactions, in agreement with our second conclusion.

It is known that in hadron-nucleus and nucleus-nucleus collisions at moderate energies (several GeV)
the main part of secondary pions is originated from decay of A isobars or inelastic charge exchange of a
proton (neutron) into a neutron (proton) and = (n*) meson [21-23].0n the other hand, it can be noted from
the above reactions that the formation of protons is correlated with the presence of a negative pion in the
event. From this point of view it is interesting to study the average multiplicities of protons in dependence
of presence or absence of a negative pion in the event.

Table 2 shows the average proton multiplicities in n*2C and p*2C collisions in dependence of presence
or absence of a negative pion in the event.

Table 2: Average proton multiplicities in n'?C and p**C collisions with or without &~ mesons in the event.

Type of collisions, average multiplicity of protons <np> and
The number of 7~ mesons fraction (a) of events
in the event n*2C pC
<np> o <np> o
n(#)=0 1.25+0.03 0.47+0.02 1.61 +0.02 0.69 +0.02
n(n’) =1 2.01+0.03 0.53+0.02 2.62 +0.03 0.31+0.01

We see from table 2 that in p*2C collisions the fraction of events without negative pions is 2.2 times
larger than with production of =~ mesons, whereas in n*2C collisions fractions of events with or without
negative pions are close to each other. This fact can be associated with the existence of an additional
mechanism for the production of negative pions due to inelastic transition of the initial neutron into a proton
and =~ meson in n*2C collisions. We see also that the average multiplicity of protons in both reactions is
greater considerably for events with production of negative pions. This is obviously related with the fact
that part of negative pions is originated from inelastic transitions of the projectile neutron (in the first case)
and the target neutrons (in both cases) into the proton and =~ meson. It follows from table 2 that irrespective
of presence of negative pions in the final state the average multiplicity of protons in p*2C interactions is
greater considerably than in n*2C collisions. This observation can be attributed to higher probability (0.64)
of conservation of the initial proton in p*2C collisions in comparison with probability of the conversion of
the initial neutron into a proton in n'2C collisions which is equal to 0.36.

3. Summary

In this paper we have presented the new data on interactions of neutrons with carbon nuclei at 4.2
GeV/c. The comparative analyses of the average multiplicities of protons and charged pions produced in
n'2C and p'2C collisions at 4.2 GeV/c have been performed. We have investigated correlations between the
average multiplicity of protons and the presence of negative pions in the final state of interactions
considered. The average multiplicity of protons in p*2C collisions is greater than in n*2C interactions, which
is connected with the difference in the probabilities of conservation of a proton in the first case and of the
charge exchange of the primary neutron into the proton in the second case.
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Positive correlations were observed between the average multiplicity of protons and the presence of
negative pions in interactions considered. These correlations are related with inelastic charge exchange of a
neutron into a proton and 7~ meson and/or with the formation and subsequent decay of the A% isobar.
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Abstract

The new experimental data on various characteristics of the secondary charged pions produced in n*2C
collisions at 4.2 GeV/c are presented. A comparative analysis of the average multiplicities and various
kinematic characteristics of the charged pions produced in n'?C and p*2C collisions at 4.2 GeV/c is made. The
experimental data are compared systematically with the predictions of the modified FRITIOF model.

Key words: neutron-carbon collisions, proton-carbon collisions, intermediate energies, pion production,
average multiplicities, total and transverse momentum distributions, rapidity distributions, emission angle
distributions.

1. Introduction

In contrast to proton-nucleus collisions, there is very little data on the multiparticle production
processes in high-energy neutron-nucleus interactions. At the same time, a comparative analysis of
experimental data on proton-nucleus and neutron-nucleus interactions at the same energies and for the same
target nucleus allows one to obtain information on different mechanisms of formation of final-state particles.
In Ref. [1], a comparative analysis of the momentum characteristics of negative pions in p'?C and n!?C
interactions at 4.2 GeV/c has been performed. The average values of the transverse momentum of the
negative pions for both types of collisions were found to coincide within the uncertainties. As for the average
values of the total momentum of @~ mesons, the observed difference in these two types of collisions was
attributed to the processes of inelastic charge exchange conversion of the initial neutron into a proton and a
negative pion, and/or to the decay of the A° resonance formed because of its (neutron) excitation. In Ref.
[2], a comparative analysis of the average multiplicity of protons and charged pions as well as the
momentum, angular, and rapidity distributions of protons in these collisions was performed.

This work is a continuation of a series of the papers [1—4] and is devoted to the comparative analysis
of various characteristics of the charged pions produced in p'?C and n*2C collisions at 4.2 GeV/c. The
experimental data are compared with the results of Monte Carlo calculations in the framework of the
modified version of the FRITIOF model [5,6].

The experiment was performed using a 2-meter propane (CsHs) bubble chamber of the Laboratory of
High Energies of Joint Institute for Nuclear Research (JINR, Dubna, Russia). The bubble chamber was
irradiated by the beams of protons, deuteron and helium-4 nuclei accelerated to the momentum of 4.2 GeV/c
per nucleon at the Dubna Synchrophasotron. The experimental data consist of 6736 p*?C, 7071 d*°C, 11974
4Hel2C, and 2798 n2C inelastic collision events. n'2C collisions were selected from d'2C and “He!2C
interactions according to the procedures described in details in Ref. [1].

The procedure for determination of particle momenta with a track projection length in the working
volume of the chamber I< 4 cm, as well as separation of protons and 7" mesons in the momentum region p
> 750 MeV/c are described in [2]. Other features of the experiment and detailed data on corrections for the
loss of the secondary charged particles are given in Refs. [§—10].

2. Experimental results and their discussion

Table 1 shows the experimental data on the average multiplicities of charged pions (the mean number
of the charged pions per one inelastic collision event) produced in p*?C and n*2C collisions at 4.2 GeV/c.

From Table 1 one can see that the average multiplicity of negative (positive) pions coincides with the
average multiplicity of positive (negative) pions in p*?C and n?C collisions, respectively. This resultis
obvious from the isotopic invariance of the strong interactions considered by us. However, as seen from

67


mailto:olimov@uzsci.net
mailto:bekmirzaev@mail.ru

International Conference “Fundamental and Applied Problems of Physics™, September 22-23, 2020

Table 1, the model overestimates the average multiplicities in comparison with the experimental data by
approximately 10%, both for negative and positive pions.

Table 1.Average multiplicities of z— and 7 mesons, as well as their absolute differences AR in the experiment and
in the modified FRITIOF model [5,6] in p*2C and n*2C collisions at 4.2 GeV/c

Type of collision
Quantity prcC n'2C
Experiment Model Experiment Maodel
<n(m")> 0.36+0.02 0.40+0.01 0.64+0.02 0.70+0.01
<n(m*)> 0.63+0.02 0.71+0.01 0.37+0.02 0.39+0.01
AR 0.27 +0.03 0.31+0.01 0.27 +0.03 0.31+0.01

In order to determine the contribution of inelastic charge exchange reactionsof the initial neutron
(proton) to the formation of negative (positive) pions, let us consider the difference in the average
multiplicities of the negative (positive) and positive (negative) pions in n*2C (p*2C) collisions (see the last
line of Table 1). The numbers of protons and neutrons in the *2C- nucleus are the same, so the contribution
of inelastic charge exchange reactions of the target nucleons to the formation of both the negative and
positive pions of the final state should be the same due to the isotopic invariance of the strong interactions.
Then the value of AR can be considered as an estimate of the contribution of inelastic charge exchange
reactions of the initial neutron (proton) to the formation of the final state negative (positive) pions in n*2C
(p*2C) collisions. One can see from the data of Table 1 that, both in the experiment and in the modified
FRITIOF model [5,6], these contributions are equal for both types of collisions, respectively. If we consider
that in the experiment the value of the inelastic charge exchange coefficient of the nucleon in nucleon-
nucleus collisions (i.e. the average multiplicity of the initial nucleon lost during the collision process) is
equal to 0.36 +0.01 [11,12], then, as can be seen from Table 1, three-fourths (34 ) part of the inelastic charge
exchange coefficient of the initial nucleon can be related with the formation of a single charged pion, and
the remaining one-fourths (¥4) part of this coefficient can be related with charge exchange reactions with
nucleons of the target of the type np—pn or pn—np. Hence, it can be concluded that more than 42% of the
negative (positive) pions are produced due to inelastic charge exchange of the initial neutron (proton) in
n'2C (p'?C) collisions at 4.2 GeV/c.

We have observed that our version of the modified FRITIOF model [5,6] overestimates the average
multiplicities of the charged pions in the interactions considered. It is interesting to understand to what
extent this discrepancy is reflected in the kinematic characteristics of the charged pions.

In Table 2 we present the experimental data on the mean values of the total, longitudinal and
transverse momenta, emission angles, and the longitudinal rapidity in the laboratory frame, and the partial
inelasticity coefficient for z— and z* mesons produced in p'>C and n*2C collisions at 4.2 GeV/c in comparison
with the results of model calculations.

It follows from Table 2 that the average values of the transverse momenta of the charged pions in the
experiment coincide within statistical errors for pt2C and n*2C collisions. It can be noted also that the average
values of the longitudinal momentum, as well as of the longitudinal rapidity for the negative (positive) pions
are greater than those for positive (negative) pions in n2C (p*2C) collisions, respectively. This difference
can be explained, as noticed above, if we take into account both the contributions of inelastic charge
exchange reaction (conversion)of incident neutron (proton) into the proton(neutron) and the negative
(positive)pions, and of the decays of the A° (A*) resonances into the nucleon and pion. The average values
of the longitudinal rapidity of the charged pions, calculated according to the modified FRITIOF model,
coincide within statistical errors with the results of the experiment.

Table 2 presents also the experimental and theoretical values of the partial inelasticity coefficients for
7~ and 7* mesons produced in p'?C and n'?C collisions, respectively. It should be noted that due to the
comparability of the value of the incident momentum and the mass of the projectile-nucleon in the
experiment, we have calculated the partial inelasticity coefficients of the charged pions as the ratio of the
total energy of the secondary charged pions in a given individual collision event to the kinetic energy of the
projectile nucleon. Table 2 shows that the average values of the partial inelasticity coefficients for the
charged pions coincide within statistical errors in the experiment and the model. This indicates that
distribution of the primary (incident) energy among the produced pions, or the ratios of the main mechanisms
for pion production, is taken into account correctly in the model.
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Table 2.The average values of the total, longitudinal and transverse momenta (in MeV/c), the emission angle (in

degrees), the longitudinal rapidity and the partial inelasticity coefficient (K) forz™ and z* mesons in p'?C and n'?C
collisions at 4.2 GeV/c in the experiment and in the modified FRITIOF model [5,6].

Type of collision

Quantity prC n'2C

Experiment Model Experiment Model
<P(z)> 501+8 49543 575+10 526+2
<P(z*)> 57147 52742 511+7 492+3
<Py(zx")> 39549 381+3 464+11 41443
<Pi(z*)> 45447 41442 386112 3763
<Py(x7)> 24343 233+1 24513 243+1
<Py(x*)> 26313 242+1 26245 234+1
<O(n7)> 48.0+0.7 45.8+0.2 43.6+0.7 43.910.2
<J(x*)> 46.240.5 44.0+0.2 47.740.9 46.340.2
<Y(x)> 0.89+0.02 0.9240.01 1.00+0.02 0.97+0.01
<Y(z*)> 0.95+0.02 0.97+0.01 0.88+0.02 0.91+0.01
<K(z)> 0.06+0.01 0.06+0.001 0.12+0.01 0.12+0.01
<K(z*)> 0.11+0.01 0.12+0.01 0.06+0.01 0.06+0.01

It is important to understand which region of the momentum distributions is responsible for the
discrepancy observed between the multiplicities of the charged pions in the experiment and the model. For
this purpose, we consider, first of all, the total momentum distributions for the negative and positive pions
in n*2C and p*2C collisions.

Figs. 1 and 2 show the total momentum distributions of z~ (a) and z* (b) mesons in n*2C (Fig. 1) and
p*2C (Fig. 2) collisions at 4.2 GeV/c, normalized by the total number of inelastic events (Nevenss) and the
width of the momentum interval (AP). The corresponding distributions calculated using the modified
FRITIOF model are shown as histograms for comparison.
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Fig. 1.The normalized total momentum distributions of the negative (a) and positive (b) pions in n*2C collisions at 4.2
GeV/c. Histograms—-the calculations within the framework of the modified FRITIOF model [5,6].
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Fig. 2. The normalized total momentum distributions of the negative (a) and positive (b) pions in p'2C collisions.
Histograms — the calculations within the framework of the modified FRITIOF model [5,6].

We can see from Fig. 1 that the experimental momentum distribution of z* (b) mesons in n*C
collisions is a single-modal one, it demonstrates a smooth decrease with the pion momentum, and does not
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have any irregularities up to the largest values of the total momentum. Regarding the experimental spectrum
of 7z~ (a) mesons in n*2C collisions, although in general it is similar to the spectrum of z* mesons, there is
some deviation from the exponential dependence in the region of large momentum p> 1 GeV/c, where the
spectrum decreases more slowly with increasing of the total momentum. This observed "shoulder™ is
probably related with the production of fast z-mesons in n*2C collisions due to inelastic charge exchange
reactions (conversions) of the incident neutron into the z— meson and proton, and excitation of the incident
neutron into intermediateA°resonance, which decays swiftly into the same channel: z— meson and proton. It
is important to note that, based on the kinematical considerations, the contribution of the leading delta
resonance to the pion spectrum will be particularly noticeable in the region of the total momenta p > 1
GeVl/c.

The corresponding reverse pattern is observed for the momentum distributions of z~ (a) and z* (b)
mesons in pt2C collisions in Fig. 2. Here, the irregularity in the momentum distribution of z* mesons can be
caused by both the inelastic charge exchange reaction (conversion)of the incident proton into z*+ meson and
neutron, and by the decay of the intermediate A* resonance formed due to excitation of the incident proton.

Figs. 1 and 2 show also that the calculated momentum spectra of the charged pions for both 7z~ (a)
and z* (b) mesons are single-modal ones and there are no deviations from the general smooth behavior of
the spectra with increasing the momentum. The theoretical data exceed the experimental ones for both 7z~
(@) and z* (b) mesons for both types of collisions in the momentum range of p < 1 GeV/c. The model
describes well the shape of the experimental momentum distributions of the negative (positive) pions in
ni2C (p2C) collisions in the range 1 < p <2 GeV/c. Regarding the high momentum tail of the momentum
distributions (p> 1 GeV/c), the model systematically underestimates the experimental data for the negative
(positive) pions in n'2C (p2C) collisions.

Hence, from comparison of the experimental data with model calculations we see that the modified
FRITIOF model overestimates by about 10% the average multiplicity of the charged pionsinp*2C and n*?C
collisions at 4.2 GeV/c. It is important to mention that the model overestimates the number of pions in the
target fragmentation region (p < 1 GeV/c) and underestimates their number (=~ mesons for n*?C collisions
and 7" mesons for p*2C collisions) in the projectile fragmentation region (p> 1 GeV/c).

Thus, the 10% excess of the calculated values of the average multiplicity of the charged pions in the
model in comparison with the experiment is due to the overestimation in the model of the contribution of
intranuclear cascade processes to the production of pions in the target fragmentation region. This ultimately
leads to lower average values of the momentum of the charged pions in the modified FRITIOF model [5,6]
compared to the experiment. The average multiplicity of the protons with momenta p> 140 MeV/c (the
lower detection threshold for the reliable registration of the protons in the experiment) inp*?C and n'?C
collisions in the experiment and the model are as follows: <np(N*2C)>ey, = 1.65 + 0.02, <np(n*?C)>meg = 1.96
+ 0.01 and <ny(p*2C)>exp = 1.92 + 0.02, <np(p*?C)>moa = 2.32 £ 0.01. It can be seen that for both types of
collisions the average multiplicity of protons is approximately 1.2 times greater in the model than that in the
experiment.

On the other hand, the fact that the model underestimates the number of pions in the region of
projectile fragmentation, as well as the absence of a "shoulder” in the considered pion spectra (z~ mesons
for n2C collisions and z* mesons for p*2C collisions) indicates that the model underestimates contribution
of Aresonances to pion production in the projectile fragmentation region (p> 1 GeV/c).

Figures 3 and 4 show the normalized experimental data on the transverse momentum distributions of
7 (a) and z* (b) mesons in the analyzed collisions compared with the calculated theoretical distributions
(shown as histograms).

Figures 3 and 4 show that both the experimental and theoretical transverse momentum distributions
of the charged pions are smooth and flat for both types of collisions with their tails extending up to p: =1
GeV/c values. The model overestimates the experimental spectra in the region pi< 0.5 GeV/c and
underestimates them at p=> 0.5 GeV/c. In fact, the behavior of the theoretical transverse momentum
distributions reflects the behavior of the total momentum distributions discussed by us previously, because
the emission angle distributions of the charged pions in both the model and the experiment are very close to
each other. On the whole, the model describes qualitatively the data on the transverse momentum
distributions of the charged pions.
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Fig. 3. The normalized transverse momentum distributions of the negative (a) and positive (b) pions in n'?C collisions.
Histograms — the calculations within the framework of the modified FRITIOF model [5,6].
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Fig. 4. The normalized transverse momentum distributions of the negative (a) and positive (b) pions in p*?C collisions.
Histograms — the calculations within the framework of the modified FRITIOF model [5,6].

Figures 5 and 6 show the longitudinal rapidity distributions of z~ (a) and z* (b) mesons in n*?C and
p*2C collisions at 4.2 GeV/c normalized by the total number of inelastic events (Nevents) and the width of the
interval (AY). The longitudinal rapidity is defined as Y=0.5*In ((E+PL)/(E-PL)), where E and P, are the total
energy and longitudinal momentum of the charged pion, respectively. The model calculations for z~ (a) and
7* (b) mesons are presented as histograms in Figs. 5 and 6.

It can be seen from Figs. 5 and 6 that both the experimental and calculated rapidity distributions of
the charged pions for both types of collisions are the smooth curves and have quite wide maxima in the
region 0.6 <Y < 1.4. As seen from Figs. 5 and 6, the model overestimates the experimental longitudinal
rapidity distributions of the negative pions at midrapidity (central rapidity) region around the maxima in
both analyzed collision type. On the whole, the model describes qualitatively the shapes of the longitudinal
rapidity distributions of the charged pions in n*2C and p*2C collisions at 4.2 GeV/c.

Fig. 5.The normalized longitudinal rapidity distributions of the negative (a) and positive (b) pions in n!>C collisions
Histograms — the calculations within the framework of the modified FRITIOF model [5,6].
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Fig. 6. The normalized longitudinal rapidity distributions of the negative (a) and positive (b) pions in p*2C collisions.
Histograms — the calculations within the framework of the modified FRITIOF model [5,6].

3. Conclusions

We have presented the new experimental data on various characteristics of the secondary charged
pions produced in n'2C collisions at 4.2 GeV/c. We have also performed a comparative analysis of the
average multiplicities and various kinematic characteristics of the charged pions produced in n*?C and p'?C
collisions at 4.2 GeV/c. Experimental data were compared systematically with the calculations using the
modified FRITIOF model.

It is shown that in n*2C (p*2C) collisions at 4.2 GeV/c around half of the negative (positive) pions are
produced due to inelastic charge exchange reaction (conversion)of the initial neutron (proton) into proton
(neutron) and the negative (positive) pion.

The momentum distributions of the negative (positive) pions proved to be more rigid than those of
the positive (negative) pions produced in n*2C (p'2C) collisions. This fact can be related with production of
the fast negative (positive) pions due to the inelastic charge exchange reaction (conversion)when the incident
neutron transforms intor~ meson and proton, and the decay of the intermediate Aresonance formed due to
excitation of the incident neutron (or when the incident proton transforms intoz* meson and neutron, and
the decay of the intermediate A*resonance formed due to excitation of the incident proton) in n*2C (p*?C)
collisions, respectively.

It is found that the modified FRITIOF model overestimates the average multiplicities of the charged
pions in n*2C (p*2C) collisions at 4.2 GeV/c compared to the experiment. It is shown that this is due to the
fact that the model overestimates the contribution of the intranuclear cascade processes in production of
pions in the target fragmentation region compared to the experiment.

It is also found that the model underestimates the multiplicity of the charged pions in the projectile
fragmentation region. It is shown that this is due to the fact that the model underestimates the contribution
of decays of A resonances to the generation of the fast charged pions in the analyzed collisions.

It is shown that the modified version of the FRITIOF model [5,6]used in the present work describes
well the experimental values of the partial inelasticity coefficients for the charged pions, indicating that this
model takes correctly into account the processes of redistribution of an incident (primary) energy among the
charged particles produced in the final state in the analyzed collisions.
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High energy heavy ion (A+A) collisions at the Relativistic Heavy lon Collider (RHIC) and CERN
Large Hadron Collider (LHC) result in creation of the strongly interacting Quark-Gluon Plasma (QGP), as
is shown in Refs. [1-8]. Such QGP matter is found to be similar to the strongly coupled nearly perfect fluid
having small viscosity to entropy ratio [9]. The properties of such an expanding QGP or fireball can be
extracted from analysis of the experimental transverse momentum (py) distributions of identified particles
[10] with the help of various theoretical models (in particular, those based on relativistic hydrodynamics).
Because pions, kaons, protons and antiprotons are the most abundantly produced particles in relativistic
heavy ion collisions, they carry information about the bulk properties of this matter created in such collisions
[11]. The p distributions of particles contain direct information about the collective transverse expansion of
matter and the temperature of decoupling of hadrons from an expanding fireball [10]. It is assumed that the
considerable fraction of the collective flow builds up during the fireball expansion in the initial partonic
phase [10, 12]. According to such a scenario, the system would cool down because of such expansion,
undergoing a transition from a partonic to hadronic phase. Then the hadrons would continue to interact,
building up the additional collective flow, when the potential change of the relative abundancies of particles
can take place. At the moment when inelastic collisions stop in a system, the hadronic yields are fixed. The
temperature at which this occurs is called the chemical freeze-out temperature (Tcn). The key parameters —
the Ten and the baryochemical potential ., are extracted from the fits of particle abundancies with thermal
(“statistical hadronization) models [10, 13-15]. Hydrodynamic models describe successfully the central
collision data. However, these models fail to adequately describe the data in peripheral collisions, indicating
the limit of applicability of hydrodynamics [10]. Upon further expansion and cooling, the system decouples
at a time when elastic interactions eventually stop at the kinetic freeze-out temperature, Tr,. At this kinetic
freeze-out temperature, the kinematical characteristics, such as momentum and energy, of the particles
cannot change anymore.

It has become popular to use the non-extensive statistical distributions (referred to as Tsallis
distributions [16,17]) in high-energy collisions [18-28]. Various forms of Tsallis distribution function
proved to be very successful in describing transverse momentum distributions in p+p collisions up to the
highest measured p: values at the RHIC and LHC experiments [18-24]. The p: distributions measured up to
200 GeV/c in p+p collisions at the center-of-mass energy of 7 TeV at the LHC have been described quite
successfully by the Tsallis distribution [24]. In spite of this success, in Ref. [24] an ambiguity was seen
regarding the parameter determination in the Tsallis distribution when the short fitting p: range (p: < 3
GeV/c) is used. In Refs. [29-31] the so called non-extensivity parameter g of Tsallis distribution was seen
to be highly sensitive to the high-p: (p: > 3 GeV/c) part of the invariant p; distributions of the particles. The
advantage of using Tsallis distribution is in its excellent parameterization of the high-energy experimental
data with only three parameters: one represents the effective temperature (T) of a system, the second one
(non-extensivity parameter q) accounts for the degree of deviation of p: distribution from the usual
Boltzmann-Gibbs exponential distribution, and the third parameter - the fitting (normalization) constant.
The fit parameters g and T can also be used to identify the system size scaling and initial conditions [32].

We analyze the midrapidity p; distributions of the charged pions and kaons, protons and antiprotons
in p+p and Pb+Pb collisions at (snn)*?=2.76 and 5.02 TeV at the LHC, measured by ALICE collaboration
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and presented in Refs. [33] and [34], respectively. The main goal of the present work is to compare the
properties of p+p and Pb+Pb collision systems at (sn)*?=2.76 and 5.02 TeV via combined fitting of the p;
spectra of all the analyzed particle species in a particular collision system using the Tsallis distribution
function as well as Hagedorn function with the embedded transverse flow.
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Fig. 1. Experimental transverse momentum spectra of the charged (m*+m~) pions (e), charged (K*+K™) kaons (4),
protons and antiprotons (p+p) (m) in the whole measured p; range in p+p collisions at (s)¥?=2.76 TeV (a) and p+p collisions at
(s)¥2=5.02 TeV (b) and in pt > 0.5 GeV/c range in p+p collisions at (s)¥2=2.76 TeV (c, €) and p+p collisions at (s)+?=5.02 TeV (d,
f); Solid curves — results of the combined (simultaneous) minimum y? fits with the thermodynamically consistent Tsallis distribution
function (a, b, ¢, and d) (Eq. 3) and with the Hagedorn formula with the embedded transverse flow (e, f) (Eq. 5) of the experimental
transverse momentum spectra of the charged particles. The error bars are the combined statistical and systematic errors (added in
quadrature). The statistical errors are negligible. The sizes of the errors are comparable with the symbol sizes.

Invariant transverse momentum distributions of particles produced in nucleon-nucleon collisions can
be described successfully in high p: range by the QCD-inspired Hagedorn function [35]:
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dZN _ ﬂ -n
2TNeypdprdy =C (1 + po) ! (1)

where C is the normalization factor, po and n are free parameters of this function, m, = \/p? + m3 is
the transverse mass (transverse energy) of a hadron, and mo its rest mass. It was shown by many researchers
that the Tsallis distribution function [16,17] describes well the invariant p; (or m¢) spectra measured in p+p
collisions at high energies at the RHIC and LHC [18-24]. There are several versions [25-29] of Tsallis
distribution function, which provide equally good fits to the p: spectra of particles in p+p collisions at high
energies. In the simplest version [25, 26, 32], the Tsallis distribution, which describes the invariant spectra
of particles in terms of two parameters T and g, is expressed at midrapidity (y = 0) by

d?N

)—1/(q—1)
2nNeyprdpedy

m

=C(1+ (-2 , (2)
where Cq is the normalization factor, T is the temperature parameter and g - the so-called non-
extensivity parameter, describing the extent of deviation of this distribution from the usual Boltzmann-Gibbs
exponential distribution. In other words, the function in Eq. (2) represents a nonextensive generalization of

the Boltzmann-Gibbs exponential distribution (~exp(— g)) with the new parameter g added to the previous

temperature parameter, T. The parameter g is also said to measure the degree of non-thermalization. As the
parameter g tends to one (1), the Tsallis distribution approaches the usual Boltzmann-Gibbs exponential
distribution. The closer the obtained parameter g to one (1), the more thermalized the system is. This
function in Eq. (2) is called the simple Tsallis (distribution) function in the present work. Among many
forms of Tsallis distributions, which have been proposed so far, the following one [18, 24, 25] (at
midrapidity (y = 0)) results in a consistent version of thermodynamics for the particle number, energy density
and pressure:

d’N m

2Newpedpidy . CaH (1 H@-DTF ’ ©)

which is called the thermodynamically consistent Tsallis (distribution) function throughout the paper.
It is necessary to note that the normalization (fitting) constant Cq in Eq. (3) is related linearly to the volume
(V) of the system [24,25]: C4=gV/(2x)3, where g is the degeneracy factor [24,25]. The degeneracy factor g
equals to 3, 4, and 2 for pions, kaons, and protons, respectively. The values of T obtained from the Tsallis
related distributions, given in Egs. (2) and (3), are only the effective temperatures which contain the
contributions of both the thermal motion and collective flow of expanding matter (if any). To disentangle
the thermal motion and collective flow effect, the collective transverse flow velocity should be incorporated
into the Tsallis distribution. Comparing the functions in Egs. (1) and (2), one can see that both functions are
mathematically equivalent when applying n = 1/(q — 1) and p, = nT. One can see that the larger values
of parameter n correspond to smaller q values. It was deduced that for quark-quark point scattering n = 4,
and it (n) grows larger in case of involvement of multiple scattering centers. To include the temperature
parameter, T, we can rewrite the function in Eq. (1), applying p, = nT, as

dZN _ ﬁ -n
2Neypedpedy =C (1 + TlT) ) (4)

)—q/(q—l)

In present work we use the simplest way to incorporate the collective transverse flow into Eq. (4) by
using the simple transformation m; — (y;) (m; — p:(B:)), as was also done in Ref. [26]. Then Eq. (4)
becomes

2 _ -n
a“N C (1 + () (m¢ pt(ﬁt))) , (5)

2MNeypedpedy nT

where <y, >=1/ /1 —< B, >2, < B; > isthe average transverse expansion (flow) velocity. This

function in Eq. (5) is called the Hagedorn formula (function) with the embedded transverse flow in the
present work. It is necessary to mention that the same formula, given in Eq. (5), was also obtained and
applied successfully in Ref. [26]. However, this simple function in Eq. (5) should be regarded as the simple
phenomenological model, because, for example, this function does not account for the modifications of
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spectra due to parton energy losses in the produced dense medium, which become significant at high p:
region, and which (parton energy losses) increase with increasing centrality of heavy- ion collisions.

It is important to note that all the fits of the experimental p; distributions of the particles with the
theoretical (model) functions in the present analysis are conducted using the minimum »? method, including
(taking into account) the combined statistical and systematic errors (added in quadrature) as the weighting
factors (1/(error)?) for the data points during the fitting processes.

As example, the experimental transverse momentum spectra of the charged (z ™+ ™) pions, charged
(K *+K ™) kaons, protons and antiprotons (p+p) in the whole measured p: range as well as in fitting range p:
> 0.5 GeV/c in p+p collisions at (s)¥?=2.76 and 5.02 TeV along with the fitting curves obtained from
combined (simultaneous) minimum »? fits with the thermodynamically consistent Tsallis distribution
function (Eqg. 3) are shown in Figs. 1(a)-1(d).

In summary, the experimental transverse momentum distributions of the charged pions and kaons,
protons and antiprotons, produced at midrapidity in p+p collisions at (s)?=2.76 and 5.02 TeV, central (0-
5%) and peripheral (60-80%) Pb+Pb collisions at (sn)*?=2.76 TeV, central (0-5%), semicentral (40-50%)
and peripheral (80-90%) Pb+Pb collisions at (sm)Y?=5.02 TeV have been analyzed. To compare the
properties of p+p and Pb+Pb collision systems at (s\n)?=2.76 and 5.02 TeV, the simultaneous fits of the p;
distributions of all the analyzed particle species in each collision system with the Tsallis distribution function
as well as Hagedorn function with the embedded transverse flow are performed.

The combined fits of the particle spectra in p+p collisions at (s)?=2.76 and 5.02 TeV, using the
thermodynamically consistent Tsallis distribution function (Eg. 3), lead to significantly lower temperature
values compared to those using the simple Tsallis distribution function (Eq. 2). The optimal combined fitting
range p: > 0.5 GeV/c for all the particle species in a given collision type is shown to result in significantly
better quality of fits as compared to the fitting p: range, starting from 0.1, 0.2 and 0.3 GeV/c for the charged
pions and kaons, protons and antiprotons. Since the region p: < 0.5 GeV/c is known to have a large
contribution from (baryon) resonance decays (especially for pions), the optimal combined fitting range p: >
0.5 GeV/c for all the particle species is chosen (as in our previous analysis) and used in the further analysis.

It is obtained that the temperature T and non-extensivity parameter g slightly increase (consistently
for all the particle types) with an increase in center-of-mass (c.m.) energy (s)*? of p+p collisions from 2.76
to 5.02 TeV. The increase of the parameter q with increasing (s)*? can probably indicate that the more
violent and faster p+p collisions at (s)?= 5.02 TeV lead to a smaller degree of thermalization (higher degree
of nonequilibrium) compared to that in p+p collisions at (s)2=2.76 TeV. The clear separation of g values
for the baryons and mesons is observed. The q values for pions and kaons proved to be very close to each
other, whereas q for protons and antiprotons is significantly smaller than that for pions and kaons, that is
q(baryons) < g(mesons).

The Hagedorn formula with the embedded transverse flow describes quite well the p: spectra of the
charged pions and kaons, protons and antiprotons in p+p collisions at (s)*?=2.76 TeV and 5.02 TeV. The
results of the combined fits using Hagedorn formula with the embedded transverse flow are consistent with
practically no (zero) transverse (radial) flow in p+p collisions at (5)¥?=2.76 TeV and 5.02 TeV. Though
some indications were reported regarding possible onset of (collective) radial flow in p+p collisions at the
LHC energies, we cannot exclude the scenario when no QGP or system with collective flow is created in
such violent and fast p+p collisions at ultra-high energies at the LHC. This is because the large fluctuations
in temperature and/or creation of mini-jets in semi-hard processes in p+p collisions can also produce the
features, similar to collective flow effects. Also applicability of the models based on hydrodynamics to the
p+p collisions with large fluctuations and viscosity is still questionable.

In what follows, we compare the results obtained from combined fits with the Hagedorn formula
with the embedded transverse flow in Pb+Pb collisions at (smn)¥?=2.76 and 5.02 TeV, using the same
combined fitting ranges in p; for both collision systems: 0.5-6.5, 0.5-11.0, and 0.5-20.0 GeV/c for t*+n~,
K*+K~, and p+p, respectively. The parameter n is found to increase with an increase in collision centrality
for all the particle species, which corresponds to decrease of non-extensivity parameter g and getting it (q)
closer to 1 (one) with increasing Pb+Pb collision centrality at (Sn)?=2.76 and 5.02 TeV. This shows that
the degree of thermalization of Pb+Pb collision system at the LHC energies increases and degree of non-
equilibrium (non-extensivity) decreases with increasing collision centrality. This supports the previous
important finding that the central Au+Au collisions at (shn)?=200 GeV at the RHIC and the central Pb+Pb
collisions at (snn)*?=2.76 TeV at the LHC produce highly thermalized systems. The value of the (average)
transverse flow velocity ((8;)) increases and the temperature T decreases with increasing collision centrality
in Pb+Pb collisions at (sn)¥?=2.76 and 5.02 TeV. This is in agreement with the results of the combined
Boltzmann-Gibbs blast-wave fits to the particle spectra in Pb+Pb collisions at (Snn)?=2.76 and 5.02 TeV in
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recent works of ALICE collaboration. Central (0-5%) Pb+Pb collisions at (snn)*?=5.02 TeV are characterized
by slightly larger transverse flow velocity compared to that in central (0-5%) Pb+Pb collisions at
(snn)?=2.76 TeV, in agreement with the recent ALICE collaboration results. The values of the transverse
flow velocity ({(B;)) for the central (0-5%) Pb+Pb collisions at (s.n)'?=2.76 and 5.02 TeV, extracted using
Hagedorn function with the embedded transverse flow applied to the long fitting p: range, at (Sn)*?=2.76
and 5.02 TeV coincide within fit errors with the corresponding values of (B;) (0.65 and 0.66, respectively)
extracted by ALICE collaboration in the central (0-5%) Pb+Ph collisions at (sm)*?=2.76 and 5.02 TeV,
respectively, using the combined Boltzmann-Gibbs blast-wave fits applied to the low fitting p: range of the
particles. The temperature (T) parameter, which approximates the Kinetic freeze-out temperature, Ty, is
found to coincide in central (0-5%) Pb+Pb collisions at (sn)*?=2.76 and 5.02 TeV.

References

[1.] BRAHMS Collab. (I. Arsene et al.), Nucl. Phys. A 757 (2005) 1.

[2.] PHENIX Collab. (K. Adcox et al.), Nucl. Phys. A 757 (2005) 184.

[3.] B. Back, M. Baker, M. Ballintijn et al., Nucl. Phys. A 757 (2005) 28.

[4.] STAR Collab. (J. Adams et al.), Nucl. Phys. A 757 (2005) 102.

[5.] E. V. Shuryak, Nucl. Phys. A 750 (2005) 64.

[6.] CMS Collaboration (S. Chatrchyan et al.), Phys. Rev. C 84 (2011) 024906.

[7.] H. Song et al., Phys. Rev. Lett. 109 (2012) 139904.

[8.] J. Rafelski, Eur. Phys. J A 51 (2015) 114.

[9.] U. Heinz and R. Snellings, Ann. Rev. Nucl. Part. Sci. 63 (2013) 123.

[10.] ALICE Collab. (B. Abelev et al), Phys. Rev. C 88 (2013) 044910, arXiv: 1303.0737 [hep-ex].
[11.] BRAHMS Collab. (I. Arsene et al.), arXiv:0503010v3 [nucl-ex].

[12.] B. Muller and J. L. Nagle, Ann. Rev. Nucl. Part. Sci. 56 (2006) 93.

[13.] A. Adronic et al., J. Phys. G 38 (2011) 124081.

[14.] A. Adronic, P. Braun-Munzinger, and J. Stachel, Phys. Lett. B 673 (2009) 142.

[15.] J. Cleymans and K. Redlich, Phys. Rev. Lett. 81 (1998) 5284.

[16.] C. Tsallis, J. Statist. Phys. 52 (1988) 479.

[17.] C. Tsallis, Eur. Phys. J. A 40 257 (2009).

[18.] J. Cleymans, D. Worku, J. Phys. G 39 (2012) 025006.

[19.] I. Sena, A. Deppman, Eur. Phys. J. A 49 (2013) 17.

[20.] PHENIX Collab. (A. Adare et al.), Phys. Rev. D 83 (2011) 052004.

[21.] P. K. Khandai et al., Int. J. Mod. Phys. A 28 (2013) 1350066.

[22.] C. Y. Wong, G. Wilk, Acta Phys. Polon. B 43 (2012) 2047.

[23.] J. Cleymans et al., Phys. Lett. B 723 (2013) 351.

[24.] J. Cleymans et al., J. Phys.: Conf. Ser. 779 (2017) 012079.

[25.] H. Zheng and Lilin Zhu, Advances in High Energy Physics 2016 (2016) 9632126

[26.] P. K. Kandai et al., J. Phys. G 41 (2014) 025105.

[27.] C. Tsallis et al., Physica A 261 (1998) 534.

[28.] T. S. Biro et al., Eur. Phys. J. A 40 (2009) 325.

[29.] G. Biro et al., Entropy 19 (2017) 88.

[30.] K. Shen et al., Universe 5 (2019) 122.

[31.] S. Grigoryan, Phys. Rev. D 95 (2017) 056021.

[32.] G. Biro et al., EPJ Web of Conferences 171 (2018) 14008.

[33.] ALICE Collab. (B. Abelev et al.), Phys. Lett. B 736 (2014) 196, arXiv: 1401.1250v4 [nucl-ex].
[34.] ALICE Collab. (S. Acharya et al.), Production of charged pions, kaons and (anti-)protons in Pb-Pb and
inelastic pp collisions at (s)'2=5.02 TeV, Preprint CERN-EP-2019-208 (2019), arXiv: 1910.07678v1 [nucl-
ex].

[35.] R. Hagedorn, Riv. Nuovo Cim. 6N10 (1983) 1.

77



International Conference “Fundamental and Applied Problems of Physics™, September 22-23, 2020

ANALYSIS OF MIDRAPIDITY TRANSVERSE MOMENTUM DISTRIBUTIONS OF THE
CHARGED PIONS AND KAONS, PROTONS AND ANTIPROTONS IN p+p COLLISIONS
AT (snn)?=2.76,5.02, AND 7 TeV AT THE LHC

Kh.K. Olimov!”, K.I. Umarov?, A. Igbal? S. Masood?®, Fu-Hu Liu*

!Physical-Technical Institute of SPA ““Physics-Sun” of Uzbek Academy of Sciences,
Chingiz Aytmatov str. 2°, 100084 Tashkent, Uzbekistan, *e-mail: khkolimov@gmail.com

2Department of Physics, FBAS, International Islamic University,
Islamabad, Pakistan

3Department of Physical and Applied Sciences, University of Houston Clear Lake,
Houston,USA

#Institute of Theoretical Physics, Shanxi University,
Taiyuan, Shanxi 030006, People’s Republic of China

The non-extensive Tsallis distributions proved to be quite useful for phenomenological description
of transverse momentum (p:) spectra of particles produced in high-energy collisions [1-13]. Different forms
of Tsallis distribution function describe quite successfully the p; distributions of the particles produced in
p+p collisions up to the highest measured p; values at the RHIC and LHC experiments [3-9]. The Tsallis
distribution could describe guite well the measured p: distributions up to 200 GeV/c in p+p collisions at the
center-of-mass (cm) energy of 7 TeV at the LHC [9]. Nevertheless, the high sensitivity of the so called non-
extensivity parameter q of Tsallis distribution function to the high-p: (p>3 GeV/c) part of the invariant
transverse momentum distributions of particles was discovered in Refs. [14-16].

It is favorable to use Tsallis distribution function due to its excellent parameterization of the
experimental p; spectra of particles at high energies using only three parameters: one parameter represents
the effective temperature (T) of a system, the second non-extensivity parameter q accounts for the degree of
deviation of p: distribution from the usual Boltzmann-Gibbs exponential distribution, and the third parameter
is the fitting (normalization) constant, which is considered to be proportional to the system volume. The fit
parameters g and T can also be used to identify the initial conditions and system size scaling [17].

For description of the transverse momentum distributions of the particles in high-energy heavy-ion
collisions at the RHIC and LHC, the transverse expansion (flow) models are usually incorporated into the
Tsallis statistics. To extract the Kinetic freeze-out temperature and transverse flow velocity, mostly the Blast-
Wave model with Boltzmann Gibbs statistics (the BGBW model) [18-20], the Blast-Wave model with
Tsallis statistics (the TBW model) [21,22], the Tsallis distribution with flow effect (the improved Tsallis
distribution) [22-24], and Hagedorn formula (function) with the embedded transverse flow [11,25,26] are
used.

In majority of past analyses on p+p and heavy-ion collisions at high energies, the Tsallis distribution
functions (or combined with other models) have been fitted separately to p: distribution of each measured
particle species in a particular collision type. Nevertheless, as mentioned in Ref. [27], no physical meaning
can be assigned to the collective properties, such as Kinetic freeze-out temperature or (collective) transverse
flow velocity, obtained from model fits to a single particle species. On the contrary, the combined
(simultaneous) fits to the spectra of different particle species, extracted in a given collision system, can give
the physically meaningful values of the collective parameters (if any) (such as a global temperature or/and
average transverse (radial) flow velocity of the system) [27]. These combined fits are useful for comparing
the collision systems at different (s.n)? with just few parameters [25-27].

We analyze the midrapidity transverse momentum distributions of the charged pions and kaons,
protons and antiprotons in inelastic p+p collisions at (snn)?=2.76, 5.02, and 7 TeV at the LHC, measured
by ALICE collaboration and presented in Refs. [28], [29], and [30], respectively. The main goal of the
modern experiments at the Large Hadron Collider (LHC, CERN, Switzerland) is to create the plasma state
of almost free quarks and gluons (Quark-Gluon Plasma (QGP)) in central heavy ion-collisions at high
energies in order to investigate in detail the various properties of such QGP matter, which is believed to
have existed few microseconds after the so-called Big Bang, considered by scientists as a starting point of
Universe creation. However, the investigation of p+p collisions at such a high energy domain is interesting
and important by itself, not only as a baseline for analysis of high-energy heavy-ion collisions, but also for
the study of the novel (collective) phenomena (if any) at such a small p+p collision system at the highest
collision energies available at the LHC.
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Fig. 1. Experimental transverse momentum spectra of the charged (z*+m~) pions (e), charged (K*+K~) kaons (4),
protons and antiprotons (p+p) (m) in the full measured p; range in p+p collisions at (s)¥2=2.76 TeV (a), p+p collisions at (s)"/2=5.02
TeV (b), and in p+p collisions at (s)2=7 TeV (c). Solid curves — results of the combined (simultaneous) minimum yfits with the
thermodynamically consistent Tsallis distribution function (Eq. 3) of the experimental transverse momentum spectra of the charged
particles. Combined fitting pt ranges in p+p collisions at (s)?=2.76 TeV: [0.1-6.5] GeV/c for & *+m~; [0.2-11.0] GeV/cfor K*+K~
and [0.3-18.0] GeV/c for p+p. Combined fitting p: ranges in p+p collisions at (s)*2=5.02 TeV: [0.1-11.0] GeV/c for t*+r~; [0.2-
16.0] GeV/c for K*+K~ and [0.3-20.0] GeV/c for p+p. Combined fitting pr ranges in p+p collisions at (s)¥2=7 TeV: [0.1-3.0]
GeVic for mt+m~; [0.2-5.0] GeV/c for K*+K~ and [0.3-5.0] GeV/c for p+p. The error bars are the combined statistical and
systematic errors (added in quadrature). The statistical errors are negligible. The sizes of the errors are comparable with the symbol
sizes.

The main aim of the present work is to compare the properties of p+p collision systems at (sn)*?=2.76,
5.02, and 7 TeV via the combined theoretical model fits of the p; spectra of the charged pions and kaons,
protons and antiprotons in a given collision system, using the thermodynamically consistent Tsallis
distribution function and Hagedorn formula (function) with the embedded (collective) transverse flow. For
comparison of the results for inelastic p+p collisions at three different collision energies, the selected optimal
identical ranges in p: for fitting with the thermodynamically consistent Tsallis distribution function as well
as Hagedorn function with the embedded (collective) transverse flow are used. To check the influence of
the used fit ranges in p: on the results, we also fit with the above two model functions, the full measured
ranges in p; in p+p collisions at (Snn)Y?=2.76, 5.02, and 7 TeV.
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Fig. 2. Experimental transverse momentum spectra of the charged (n*+mn~) pions (e), charged (K*+K~) kaons (4),
protons and antiprotons (p+p) (m) in the full measured p; range in p+p collisions at (s)¥2=2.76 TeV (a), p+p collisions at (s)2=5.02
TeV (b), and in p+p collisions at (5)2=7 TeV (c). Solid curves — results of the combined (simultaneous) minimum ¥ fits with the
Hagedorn formula with the embedded transverse flow (Eq. 5) of the experimental transverse momentum spectra of the charged
particles. Combined fitting pt ranges in p+p collisions at (s)?=2.76 TeV: [0.1-6.5] GeV/c for = *+m~; [0.2-11.0] GeV/cfor K*+K~
and [0.3-18.0] GeV/c for p+p. Combined fitting p: ranges in p+p collisions at (s)*2=5.02 TeV: [0.1-11.0] GeV/c for t*+r~; [0.2-
16.0] GeV/c for K*+K~ and [0.3-20.0] GeV/c for p+p. Combined fitting pr ranges in p+p collisions at (s)¥2=7 TeV: [0.1-3.0]
GeV/c for m*+m~; [0.2-5.0] GeV/c for K*+K~ and [0.3-5.0] GeVi/c for p+p. The error bars are the combined statistical and
systematic errors (added in quadrature). The statistical errors are negligible. The sizes of the errors are comparable with the symbol
sizes.

It is well known that the (inverse power law) QCD-inspired Hagedorn function [31] describes quite
well the high p: range of invariant transverse momentum distributions of particles produced in high-energy
nucleon-nucleon collisions:

dzN _ me -n
2MNeppedpedy ¢ (1 + po) ’ (1)

where C is the normalization factor, po and_n are free parameters, m, = JpE +mé is the transvers_e
mass (transverse energy) of a hadron, and mo is its rest mass. As mentioned above, also the Tsallis
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distribution function [1,2] can describe excellently the invariant p: (or m;) spectra of particles measured in
high-energy p+p collisions at the RHIC and LHC [3-9]. It is necessary to note that there are several
equivalent versions [10-14,32] of Tsallis distribution function, providing equally good quality fits to the p:
distributions of particles in high-energy p+p collisions. The simplest version [10,11,17] of the Tsallis
distribution function, which describes the invariant spectra of particles in terms of three parameters - Cq, T,
and q, is given (at midrapidity (y = 0)) by expression

d?N
2nNeyprdpedy

)—1/(q—1) @)

= (1+ (-1

where Cq is the normalization factor, T is the temperature parameter, and g - the so-called non-
extensivity parameter, which shows the degree of departure of this distribution from the usual Boltzmann-
Gibbs exponential distribution. The function in Eq. (2) is considered as a non-extensive generalization of
the Boltzmann-Gibbs exponential distribution, with the new parameter g added to the previous temperature
T parameter. The parameter ¢ is also assumed to measure the degree of non-thermalization [33]. As the
parameter q approaches one (1), the Tsallis distribution approaches to the usual Boltzmann-Gibbs
exponential distribution. The closer the value of the parameter g to one (1), the more thermalized the system
is. Among various kinds of Tsallis distribution functions, the following version [3,9,10] (at midrapidity
(<y>=0)) results in consistent version of thermodynamics for the particle number, energy density, and
pressure:

d’N m

2TNeypedpedy - Cqmt (1 + (q - 1) ?t ! (3)

which is called the thermodynamically consistent Tsallis (distribution) function. It is important to
mention that the normalization (fitting) constant Cq in Eq. (3) is assumed to be related linearly to the volume
(V) of a system in Refs. [9,10]: Cq=gV/(27)3, where g is the degeneracy factor [9,10]. The degeneracy factor
g equals 3, 4, and 2 for pions, kaons, and protons, respectively. The values of parameter T extracted from
the Tsallis distribution functions, presented in Egs. (2) and (3), are only the effective temperatures,
containing the contributions of both the thermal motion and collective flow of an expanding matter or
“fireball” (if any). To separate the effects of the thermal motion and collective flow, the (collective)
transverse flow velocity is incorporated into the Tsallis distribution function. In Refs. [10,26] the
thermodynamically consistent Tsallis distribution function in Eq. (3) is shown to result in smaller values of
the extracted temperatures as compared to the simple Tsallis distribution without thermodynamical
description in Eq. (2) due to the extra m; factor in Eq. (3).

The functions in Egs. (1) and (2) become mathematically equivalent when one setsn =1/(q — 1)
and po = nT. The larger values of the parameter n correspond to the smaller q values. For quark-quark point
scattering n = 4, and the parameter n becomes larger in case of involvement of multiple scattering centers
[34,35,6]. To incorporate the temperature (T) parameter, the function in Eq. (1) is rewritten, setting py =
nT, as

)—q/(q—l)

d?N _ me -n
2TNeypdprdy =C (1 + TlT) ) (4)
The easiest way to incorporate the collective transverse flow into Eq. (4) by performing the simple
transformation m; — (y;) (m; — p(B:)) is chosen in the present analysis, as done also in Refs. [11,25,26].
Then Eq. (4) transforms into

2 _ -n
a“N _ C(l + () (m¢ pt(ﬁt))) , (5)

2MNeypedpedy nT

where <y, >=1/ /1 —< B, >2, < B; > is the average transverse expansion (flow) velocity. We

call this function in Eq. (5) as the Hagedorn formula (function) with the embedded transverse flow. The
same formula in Eg. (5) was obtained and applied successfully in Refs. [11,25,26]. This simple
phenomenological model represented by the function in Eq. (5) is very useful, allowing for comparison of
the various collision systems at different (snn)? using just few parameters [25,26].

The experimental transverse momentum spectra of the charged pions and kaons, protons and
antiprotons at midrapidity in inelastic p+p collisions at (s)=2.76, 5.02, and 7 TeV are investigated applying
the combined (simultaneous) as well as independent (separate) fits of the p; spectra of the studied particle
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species in each collision system with the thermodynamically consistent Tsallis distribution function as well
as Hagedorn formula with the embedded transverse flow. The optimal combined fitting range p=0.5 GeV/c
for all the particle species is chosen to minimize the influence of resonance decays on the spectra in the
fitted p: range. For direct comparison of the results obtained for three collisions systems, the following
identical combined fit p; ranges in p+p collisions at (sin)?=2.76, 5.02, and 7 TeV are chosen: [0.5-3.0]
GeV/c for m*+m~; [0.5-5.0] GeV/c for K*+K~ and p+p.

As example, the resulting curves of the combined (simultaneous) minimum y? fits with the
thermodynamically consistent Tsallis distribution function (Eq. 3) of the experimental transverse
momentum spectra of the charged particles in the full measured fitting p: ranges in p+p collisions at
(s)¥?=2.76, 5.02, and 7 TeV are given in Fig. 1. Figure 2 represents the resulting curves of the combined
(simultaneous) minimum »? fits with the Hagedorn formula with the embedded transverse flow (Eq. 5) of
the experimental transverse momentum spectra of the charged particles in the same collision systems, using
the full measured fitting ranges in px.

In summary, approximate equality of the extracted non-extensivity parameter g for the pions and
kaons (g(pions)~qg(kaons)) and relation g(mesons)>q(baryons) are obtained from fitting the transverse
momentum spectra of the particles with the thermodynamically consistent Tsallis distribution function (Eq.
3) in the chosen optimal identical fitting p: ranges in p+p collisions at (s)*?=2.76, 5.02, and 7 TeV, in
agreement with the recent results [26].

The parameter g, extracted from combined fits with the thermodynamically consistent Tsallis
distribution function in the above optimal identical p; ranges, proved to increase consistently for all particles
species with an increase of (s)*? of p+p collisions from 2.76 to 5.02 TeV, remaining practically constant
within fit errors in the range (s)*?=5-7 TeV. This result suggests probably a saturation and limiting behavior
of the parameter q value in p+p collisions at (s)¥>>5 TeV. The similar increase of the g value, consistently
for all particle species, with an increase of (s)2 of p+p collisions from 2.76 to 5.02 TeV was obtained in
Ref. [26]. The consistent increase of non-extensivity parameter g for all the particle species with increasing
the center-of-mass collision energy (s)*? of p+p collisions from 2.76 to 5.02 TeV in Ref. [26] was explained
by that the more violent and faster p+p collisions at (s)¥?= 5.02 TeV result in a smaller degree of
thermalization compared to that in p+p collisions at (s)¥?=2.76 TeV. Saturation of the ¢ value observed in
present work in p+p collisions in the energy range (s)“2>5 TeV can suggest that the degree of thermalization
of the system produced in p+p collisions at (s)¥?>5 TeV reaches its limiting value. The obtained global
effective temperature T is shown to coincide within fit errors in p+p collisions at (s)2=2.76 and 5.02 TeV.
The extracted value of T in p+p collisions at (s)¥2=7 TeV proved to also coincide within double fit errors
with the parameter T values in p+p collisions at (s)?=2.76 and 5.02 TeV. Using Hagedorn function with
the embedded transverse flow (Eq. 5), it is found that the extracted values of parameter n decrease noticeably
for all considered particle types while going from p+p collisions at (s)¥?=2.76 TeV to p+p collisions at
(s)2=5.02 TeV, remaining practically constant within fit errors in the range (s)¥?=5-7 TeV. This result
agrees with that the parameter ¢ increases consistently for all particle species with an increase of (s)? of
p+p collisions from 2.76 to 5.02 TeV, remaining practically constant within fit errors in the range (s)¥?=5-
7 TeV. Decrease of the parameter n with increasing (s)*? of p+p collisions from 2.76 to 5.02 TeV probably
indicates the increase of the role (contribution) of point like quark-quark scatterings at higher collision
energies.

To check the variation in the obtained model parameter values with changing the fit ranges in pt, we
also use the full measured ranges in p: (which extend up to 11, 16, and 20 GeV/c for pions, kaons, and
(anti)protons) for the fits with the above two model functions. For model fits in the full measured p; range,
the extracted temperature (T) parameters proved to be noticeably smaller as compared to the corresponding
T values obtained from fits in the optimal identical fitting ranges in p:. This is likely due to the use of the
low p range (pi<0.5 GeV/c) for fitting of the pion spectra in the full measured range as compared to the fits
in the optimal range p:=>0.5 GeV/c. This is because mainly the low temperature pions produced from decay
of baryon resonances populate the low p; part (p:<0.5 GeV/c) of pion spectra, which explains the smaller
temperatures obtained for fitting in the full measured p: range, compared to those for fitting in the optimal
identical fitting range p>0.5 GeV/c.

Very small collective transverse flow velocity, consistent with zero value within the fit errors, is
obtained in p+p collisions at (s)¥?=2.76 and 5.02 TeV from simultaneous fits of the p; distributions of the
charged pions and kaons, protons and antiprotons in the full measured p: range with the Hagedorn formula
with the embedded transverse flow (Eg. 5). This supports the analogous result observed from fitting in the
optimal identical p>0.5 GeV/c range. Rather small, but noticeable transverse flow velocity is obtained in
p+p collisions at (s)¥?= 7 TeV from combined model fits in the full measured p; range. Practically no (zero)
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transverse flow velocity is deduced in p+p collisions at (s)2=2.76, 5.02, and 7 TeV from the independent
(separate) fits of p; distributions of each particle species with the Hagedorn formula with the embedded
transverse flow (Eqg. 5).
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Annotation

Differential cross sections for elastic scattering of protons and ©* mesons of intermediate energies with He
and °B nuclei are calculated in the framework of the Glauber diffraction theory. The matrix elements are derived
with a wave function in a multicluster model. Differential cross sections are calculated with an accuracy of up
to threefold scattering. The calculation results for the ®He nucleus are compared with the available
experimental data. The sensitivity of the differential cross section to the structures of the nuclei under study is
checked.

Keywords: elastic scattering, Glauber diffraction theory, exotic light nuclei.

1. Introduction

Experimental and theoretical study of the elastic and inelastic interaction of hadrons with nuclei is a
key problem in the theory of the atomic nucleus and nuclear reactions. It is from the results of such
experiments and their subsequent theoretical interpretation that valuable information is extracted both on
the structure of the nuclei under study and on the properties of nuclear forces. Previously, such experiments
were carried out on stable nuclei. However, new non-trivial information that is not manifested in the
properties of stable nuclei can be provided by the study of unstable nuclei. It is not excluded that such nuclei,
lying on the nuclide map far from the stability valley, may have unusual properties and exotic structures.
Their research was previously limited due to the technical difficulties of experiments. At present, the
development of accelerator technology and experimental techniques, as well as the creation of secondary
beams of radioactive nuclei, have made it possible to carry out such experiments.

The research carried out in the last 20-25 years in different scientific centers of the world has indeed
revealed a number of unexpected, very interesting, new phenomena - the existence of a nucleon halo and a
skin, new regions of deformation, new types of decays, peculiarities in the filling of nuclear shells, etc. Of
course, the most striking of them is the existence of a pronounced halo structure in some nuclei. The halo
structure was first discovered by studying He isotopes (Tanihata et al. 1985A) and light p-shell nuclei
(Tanihata et al. 1985B). The 'Li nucleus was found to have an anomalously large, in comparison with other
nuclei, radius and low (~ 300 keV) binding energy of two neutrons. These data did not fit into the usual
dependence of the radius and specific binding energy of stable nuclei on the mass number A. Subsequently,
they were explained (Hansen and Jonson, 1987) by the special structure of *Li, consisting of the °Li core
and weakly bound, sufficiently distant two valence neutrons with it. These two neutrons in the nuclear
density distribution correspond to an extremely long tail - a neutron halo. Although the density of the halo
is insignificant, it nevertheless strongly affects the cross section for interaction with other particles and leads
to new properties of the nucleus.

In further studies, it was found that a number of other light and medium nuclei also have a halo and
skin structure. The structure of skin nuclei is distinguished by the fact that a very compact core-core is
located in their center, and the surface layer is surrounded by a neutron cloud. Such nuclei do not have an
anomalously large radius like a halo, but the existence of a neutron layer on the surface strongly affects the
properties of the nucleus itself and its nature of interaction with other particles.

Currently, the properties of unstable exotic nuclei are being intensively studied in many leading
scientific centers of the world, such as the GSI research center in Darmstadt (Germany), the Japanese
RIKEN radioisotope center (Saitama), the largest American center for the study of radioactive isotopes
NSCL (Michigan, USA), center GANIL (Caen, France), FLNR JINR (Dubna) in Russia, etc. Such studies
became possible after they learned how to create intense secondary beams of radioactive nuclei. The
experiment is carried out in inverse kinematics, when a high-energy flux of the investigated radioactive
nuclei is directed towards a stationary stable target (proton, other stable nuclei, etc.) and the interaction cross
section and polarization characteristics are measured.

The study of the exotic structure of light nuclei is especially interesting. This is due to the fact that,
on the one hand, there are not so many nucleons in light nuclei and their structure can be described on the
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basis of more or less reliable microscopic models, and on the other hand, they have a sufficient number of
nucleons to cover the main features of the nuclear forces of many bodies.

Nuclear reactions are the main instrument for studying nuclear structures. The scattering of protons
from nuclei is traditionally studied. In this regard, we can point to the cycle of works of the GSI-PNPI
collaboration (Dobrovolsky, 2019), where the differential cross sections for the interaction of protons with
®He, 'Be, ®B, ®He, 8Li, °Li, LI, 1?Be, **Be nuclei were measured. The experiments were carried out on a
GSI radioactive beam (Darmstadt, Germany) in inverse kinematics, at an energy of 0.7 GeV/nucleon, in the
range of momentum transfers 0.002< |t | < 0.05 (GeV / s)%. The theoretical analysis of the results obtained
was carried out within the framework of Glauber's theory using phenomenological spatial distributions of
nuclear density. Information about the neutron distribution and the magnitude of the neutron coat obtained
in these experiments, in combination with the existing data on the charge radii, is very important.

Along with studies of the scattering of protons by light exotic nuclei, studies of the scattering of
mesons are also of great interest. The study of the scattering of various particles on the same nucleus with
the same kinematics and a comparative analysis of the results obtained can provide interesting additional
information both on the structure of the nuclei under study and on the dynamics of the interaction of these
particles with the nucleus. The point is that different particles possessing different properties interact in
different ways with the nucleus under study. For example, it is well known that 7*-mesons are well absorbed
and interact preferentially with the surface of the nucleus, while K*-mesons interact weakly and penetrate
deep into the nucleus. These properties of mesons make it possible to probe different regions of the nucleus.

In this work, we study the elastic scattering of protons and n*-mesons by ®He and °B nuclei. The
choice of these nuclei as a target is due to the fact that the ®He nucleus has a skin structure and the study of
this structure in the scattering of various particles is an important task. The choice of the °B nucleus is due
to the fact that boron isotopes are structural elements of modern reactors, and the °B isotope is short-lived
and the least studied of all boron isotopes, therefore, the study of its properties is also of considerable
interest. In addition, these two cores are united by the fact that they mainly have a similar three-cluster
structure. The properties of these nuclei were previously considered in (Ibraeva et al., 2013, Ibraeva and
Imambekov 2015)

2.Formalism
In accordance with Glauber's theory of multiple scattering, the amplitude of elastic scattering of
hadrons by a compound nucleus of mass A can be written, according to (Glauber, 1959), as an integral over

the impact parameter P | :

ik . m
M (qL) = Z,ZIdpidRA eXp(Iqipi)é‘(RA)<\PiJMJ Q“Pf ! >, Q
MJMJ
here the subscript « _L »denotes two-dimensional vectors lying in a plane perpendicular to the

IM; . .- .-
Q“Pf : > — the amplitude of the transition from the initial ‘PiJMJ

direction of the incident beam, <‘PiJMJ

to the final ‘I’fwIs state of the nucleus under the action of the operator €2 ; in the case of elastic scattering

A
IM M’ 1 . . .. . .
‘Pi b = ‘Pf v R,=— E r. — nucleus center of mass coordinate, k - impulse of incident particles in
n=1

c.ms., (, — transferred impulse in reaction.

In dynamic multicluster models (Voronchev et al, 1995), to describe the nucleus as a system of
interacting clusters, a test function is constructed in the form of the product of internal wave functions of
subsystems of various cluster configurations of particles connected by Jacobi coordinatesr, R :

\Pi?';/lj = lPllyzlys‘PJMJ (r,R), 2)

where \Pl, \PZ , \P3 — are the internal wave functions of clusters (which are assumed to be the same

as the wave functions of free particles),, W™’ (r,R) — wave functions of their relative motion. The

coordinate r describes the relative motion of particles 2 and 3, it has an orbital angular momentum A with
a projection y; the coordinate R describes the relative motion between the center of mass of particles 2-3
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and particle 3, it has an orbital angular momentum | with a projection m.We expand the wave function of
the relative motion in a series of partial waves

wM(r,R) =Y WY (rR). (3)

Each partial function is factorized into radial and spin-angular:

JM M
Vs (NR) =@, (r,R)F5 (1 R). 4)
The radial part of the wave function is approximated by a linear combination of Gaussian functions:

®,(r,R)=r*rR'>C/! exp(—airz—ﬂij)- ()
ij

The weights of the components CijlI are found as a result of the numerical solution of the Schrédinger

equation by a variational method, the coefficients «;, ,BJ- are set on the tangential grid. Spin - angle part

F/ljltllsJ (r! R) = Z</1ﬂ|m| LM |_><51m152m2 | SM s ><LM LSM s |‘]M J >Y/1y (r)YIm (R)ZSMS (6)

M Mgum

is the multiplication of the Clebsch - Gordan coefficients, which determine the scheme of addition of
moments (s;m, - spins and projections of "valence" particles (n, p), L,M,S,M,J, M - orbital, spin,

and total moments of nuclei) by spherical Y,,(r), Y, (R)and spin x_functions. The configuration of

the wave function is determined by the quantum numbers AIL S.
In accordance with the representation of the wave function in the form (2), the operator can be written
as a series expansion of multiple scattering of a proton on each incident subsystem:

Q=0,+Q,+0,-Q0,-0,0,-Q,Q, + Q0,0 @

Here indices 1, 2, 3 number the same clusters as in the wave function. The technique for calculating
the matrix element with three-particle wave functions (2) is discussed in detail in (Voronchev et al, 1994,
Kukulin et al. 1995).We only note that the wave function expanded in Gaussian (5) and the operator written
in the form (7) consistent with the form of three-particle wave functions allow one to integrate the amplitude
(1) analytically, which increases the calculation accuracy.

The differential cross section measured in the experiment with which we compare the results obtained
is defined as the square of the modulus of the matrix element:

d 1
£: 2] +1‘M” (@.)

3. Calculation results and discussion

The results of calculations of the differential cross section for the scattering of protons and n-mesons
on the ®He nucleus are presented in Figures 1 and 2. These figures show the total differential cross sections
and separately contributions to the cross section from different scattering multiplicities. The solid line
corresponds to the total differential cross section, the dashed lines are the contributions of single scattering,
the dash-dotted lines are the contributions of double scattering, and the dots are the contributions of triple
scattering. The calculations were performed for the momentum of colliding particles of 0.315 GeV / s, which
corresponds to a kinetic energy of 0.426 GeV for a ®He nucleus in a laboratory frame where protons are at
rest. For scattering of m-mesons, the kinetic energies of the ®He nucleus and n-mesons are, respectively,
0.426 GeV and 0.118 GeV. The choice of these energies is associated with the availability of experimental
data for them.
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Fig. 1 Differential cross section of elastic p®He- Fig.2 Differential cross section of elastic n°He -
scattering scattering

As can be seen from Figure 1, our theoretical calculations of the total differential cross section
satisfactorily describe the available experimental data. Calculations of the partial cross sections show that
single scattering dominates in the front angle region (up to 50°) both in proton scattering and in scattering
of = mesons. The absolute value of the partial cross section of double collisions at 0° is an order of magnitude
smaller than single collisions. However, it does not decrease as fast as the single scattering cross section,
and in the region of an angle of ~ 50° -60° it not only compares with the single scattering, but also becomes
dominant. At the points of intersection of single and double amplitudes, a minimum appears in the total
differential cross sections associated with the interference of these amplitudes. The threefold partial cross
section is two orders of magnitude lower than the onefold one and makes the minimum contribution to the
total differential cross section only at angles greater than 60°.

Comparing the total differential cross sections for the scattering of protons and w-mesons on the 6H
nucleus, we can say that they are almost identical, although there are differences. The minimum of the total
cross section of m-mesons is shifted towards smaller angles (by ~ 10°). It is known that scattering at small
angles occurs at the periphery of the nucleus, while at large angles (corresponding to large transferred
momenta), scattering occurs in the inner region. At angles greater than 60°, the experiment slightly
overestimates our calculations. Note that Glauber's theory most correctly describes the scattering of high-
energy particles in the forward region of angles; scattering at large angles lies outside the scope of the theory.

The results of calculating the scattering of protons and n-mesons by the °B nucleus are presented in
Figures 3 and 4. The calculations were performed with two versions of the wave function. In the first version,
the I-dependent Ali-Bodmer potential with repulsion at small distances was used for the aainteraction, and
in the second, the deep attractive Buck potential with states forbidden by the Pauli principle. In both variants,
the aN potential contained an exchange Majorana component, which leads to an even-odd splitting of phase
shifts. At present, there are no experimental data for this nucleus; therefore, we performed the theoretical
analysis at an arbitrary proton energy of 200 MeV. The application of Glauber's theory for analysis at this
energy is quite justified. Figure 3 shows the results of calculations of the differential cross section for p°B
scattering in the same notation as in Figure 1 for p®He scattering. We have also performed calculations with
various versions of the ao interaction at the same energies of the incident proton. These calculations
practically coincide at small angles and differ slightly with increasing scattering angle. Calculations with
the Buck potential are slightly lower than calculations with the Ali-Bodmer potential. An increase in the
difference at large angles indicates that these potentials describe the outer part of the nucleus in
approximately the same way, while they differ significantly when describing the inner part of the nucleus.
Calculations of the scattering of m-mesons by the °B nucleus are presented in Fig. 4. Here, the total
differential cross section for scattering of a proton and a m-meson at an energy of 300 MeV is compared.
For the scattering of mesons, the effect of a decrease in the interference minimum towards smaller angles is
observed..
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In conclusion, it should be noted that the Glauber diffraction theory allows a satisfactory description
of the available experimental data. A comparative analysis of the scattering of protons and -mesons shows
that their result is well correlated with each other. It can also be seen from all calculations that with an
increase in the scattering angle, the role of the inner part of the nucleus increases and the cross section in
the region of large angles becomes sensitive to the structure of the nucleus, for example, to the presence or
absence of a repulsive core.

This work was supported by the grant AP05132620 of the Ministry of Education and Science of the
Republic of Kazakhstan.
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KOPPEJINUA MEXKIY I'NTYBUHAMUA JEVMCTBUTEJBHOM U MHUMOM YACTH
MOTEHIUAJIA B3AUMOJEUCTBUSA JUIS AJEPHBIX CUCTEM “N(*HE, *HE)“N

T. Koaavioae, H. Bypreoaes, b. Canbixos, /1. Anqumo, M. Haccypiuia, A. Cadunosjaa,
P. XomxaeB

Hucmumym adepHoii (puzuxu
Anmatsr, 050032, Kazaxcran, info@inp.kz (yn.M6parumosa, 1)

AHHOTALIMSA

Ha yuxnompone ¥V — 150M Uncmumyma adeproil pusuxu usmepervl ougpepenyuanvrvle ceyenus ynpy2o020
paccesnus YN(CHe, *He) npu snepeusx Eape = 50 - 60 M5B 6 ouanasone yznos om 12° 0o 172° ¢ wacom 1-2°.
Ananuz sKCnepUMeHmManrbHbiX OAHHBIX N0 YAPY2OMY PACCESIHUIO NPOBEOEH 8 PAMKAX CIAHOAPMHOU ONMUYECKOU
Mmodenu aopa Tonyuenvl Habop napamempos onmuuecko2o nomenyuana e3aumooeiicmeus uonos *He na saope
YN, Hcecneoosanwl ceoticmea HatidenHbIX NOMEHYUANOB.

KaioueBble ciioBa: B3aMOJEHCTBUS YIPYrWe, WOHBI Teius, paccesHue, cedeHus nuddepeHnnanbHole,
MTOTCHITUAIBI ONITUIECKUC

1. Beenenue

Omnpenenenne MeXbIIEPHOTO MOTEHIMAIA B3aMMOACUCTBHUS CIOKHBIX YACTHI[ C SIAPAMHU OCTAeTCA
OJTHOM M3 MPHOPUTETHBIX 33734 SIACPHOM (PU3MKH HU3KHMX U CpPEeOHMX dHepruil. Mcxomanas naopmarus o
HEM W3BJICKAETCsI U3 aHaJIM3a SKCIEPUMEHTAIBHBIX JaHHBIX N0 Au((epeHInaATLHBIM CEYCHUSM MPOIIECCOB
YIOPYIOro paccestHus YacTHILL U SAEP C SAPAMHU C MOCIEAYIOIINM UX aHAJTU30M B PaMKaX ONTUYECKONH MOJIENIN
sapa. M3BecTHbIe HEOJHO3HAUYHOCTH MapaMeTpoB MOTEHIMANIA, NPUCYIIHE ITOMY MOJIXOAY, MOTYT OBITh
COKpAILCHbI IIPY OCTAHOBKE HKCIIEPUMEHTOB B MAKCHMAJILHO [IOJTHOM YTJIOBOM JIMANa30HE C IPOSIBICHUEM
npu sHeprusix >30 MoB  3d¢exToB «aHOManbHOTO pacCesiHUS» Ha3zad H  «SIIEPHOM paxyruy,
00yCTIOBIICHHBIX MPETOMIISIONIIMH CBOMCTBAMH MOTEHITHATIA.

Wsmepenns nuddepeHnaibHbIX ceueHni paccesnus HoHoB SHe npu sHeprusx 50 u 60 MoB na
spe N IpoBOAMIMCH HA BBIBEICHHOM ITy4Ke M30XPOHHOTO IUMKIOTPoHa Y—150M HHcTUTyTA siaepHOi
¢usuku. Vcnonp3oBasach ra3oBasi MHIICHb, NPEACTABILSIOINAS COOOM LWIMHAPUYECKUH KOHTEHHeEp,
HATIOJHCHHBINA eCTecTBEHHBIM a30ToM (¢ comepxanreMm “N 99,61%) no ~ 1 armocdepsl. DpdexTuBHas
TOJIIMHA MHUIICHH COCTaBIsUIa OT | 10 7 Mr/cM? B 3aBHCHMOCTH OT yriia u3mMepenuid. Ommbka B OlEHKe
TOJIIMHBI MUILIEHH cocTaBisuia He Oonee 3%. Boree moagpoOHO KOHCTPYKLMS MUILIEHH OMKcaHa B pabote

[1].

[Tosy4eHHbIE KCIIEPUMEHTAIIbHBIE JJAHHBIE IPEJICTaBIIeHbI Ha prcyHKe 1. Paccesnue noHoB *He npu
E =50 u 60 MsB Ha uccienyemMoM siipe HOCUT OOBIUHBIN TUPPAKIUOHHBIA XapakTep B 0071acTy HepenHei
nojycgeps! yIrioB ¢ IOCICIYIOUIMM HposiBieHHeM 3(ddekra snepHON paxyru. SIBieHUs «aHOMAaJIbHOTO
paccestHHS» Ha3aa He 0OHaApYKEHO.

Jliis aHanM3a SKCIEPUMEHTANIBHBIX JaHHBIX M0 YIPYTrOMY PAacCesHHUIO MCIIOJIb30Balach CTaHAapTHAS
onTHYecKasi MoJIeNb spa [2].

B nononHeHne, ObUT BBIOIHEH aHAJIN3 SKCIEPUMEHTAIBHBIX JIAHHBIX [0 YIPYrOMY PaccesHUIO Ha
sype N nonos 3He nipu sueprun 72 MoB [3]. Pe3ynbrarhl TEOPETHUECKOTO aHAIM3A CEUCHHUI B paMKax
ONTUYECKON MOJIEIH si/jpa MPEJICTaBICHbI HA PUCYHKE 2.

[Tonck mapamMeTpoB ONTHYECKOTO MOTEHIIMATA OCYLIECTBILIICS HAa OCHOBE TEOPETHYECKUX PAacueToB
VIJIOBBIX paclpeelIieHnii ¢ TOCIIEAYIOIUM UX CPaBHEHHEM C SKCIIEPUMEHTANBHBIMU JaHHBIMH B PaMKax
ontuyeckod mojmenu sapa mo mporpamme SPI-GENOA [4]. B kauecTBe CTapTOBBIX NapaMeTpOB
MOTEHLHANOB HCIOJIb30BaHBl pPeKOMEHTauuu u3 padotr [5-7]. Ilapamerpsl MmOTeHLMAaNa, OTBEYAIOIINE
ONTHMAJIbHOMY COOTBETCTBHIO JKCIEPUMEHTAIBHBIX M TEOPETUYECKHX 3HAYCHUH CEYEHUH, HaXOHIINCH
MHUHUMU3aIKeER Bennuunsl ¥ 2. Hapsay ¢ kputepueM 2 st 0T60pa pU3MIECKU 3HAUYMMBIX [OTEHIIUAJIOB,
UCIIOJb30BaJIach BEJIMYMHA OOBEMHOIO HMHTErpajla OT pealbHOW 4YacTH NoTeHImana. [lomydeHHbIe
ONTUMaJbHbIC TApaMEeTpPhI MOTEHIMAIa B3aUMOJICHCTBHS, 3HaueHIe 00BbEMHOTO HHTErpalia Jy U BENUIHHBI
¥ npuBeieHbl B Tabnuiax 1 — 3. [lapamMerp KyJIOHOBCKOTO pauyca NPUHAMAJICS PUKCHPOBAHHBIM fc = 1,3

bm.
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Ta6. 1. IapamMeTphI ONTHYECKOTO MOTEHINAIA B3anMoelicTBrs nonos *He ¢ sneprueii 50 MaB na siape N

Haoop \Y, rv aw W rw Av Whp o an Jr xz/ N
(M3B) | (pm) | (M) | (MaB) | (dm) | (dm) | (MdB) | (dm) | (dm) (M331)3
bm
A 108,6 1,15 0,866 13,32 1,357 0,800 4522 57,0
Gl 168,4 0,69 0,945 4,865 2,58 0,583 8,190 1,02 0,326 2234 124
G2 1198 1,000 0,850 4,44 2,500 0,660 6,360 1,120 0,650 372,6 10,5
G3 108,7 1,150 0,810 6,780 2,230 0,760 8,150 1,150 0,470 4254 13,1
Ta6. 2. IlapaMeTphI ONITHYECKOTO NOTEHINAIA B3anMoIelicTBus nonos *He ¢ sneprueii 60 M>B na siape N
Ha6op \ rv aw W rw Av Wb o ao Jr ¥IN
(MaB) | (dm) () | (M3B) | (dbm) (@) | (MdB) | (dm) @w) | (MoB
¢m°)
A 110,0 1,15 0,817 13,0 1,32 0,800 433,7 13,2
H1 1444 0,69 0,918 3,690 2,581 0,359 6,473 1,02 0,577 2654 13,3
H2 110,0 1,000 0,803 511 2,482 0,570 8,600 1,100 0,618 3217 34,5
H3 1111 1,150 0,802 4,300 2,227 0,718 12,74 1,375 0,460 430,7 16,6
Ta6. 3. IapamMeTphI ONITHYECKOT0 NOTEHINAIA B3auMoIelicTBHs nonos *He ¢ sHeprueii 72 M>B na siape N
Ha6op \ rv aw W rw Av Wb o ao Jr 4N
(MsB) | (dm) () | (MaB) | (dm) (@) | (MdB) | (dm) (dm) (M33B
¢v)

F1 11538 1,2 0,686 18,54 14 0,606 435 15,83

F2 130,9 1,06 0,740 5,54 1,36 0,801 13,98 1,36 0,656 395 14,91

F3 116,7 1,15 0,688 - - - 18,62 1,211 0,741 398 15,81
10° 10"
] Tan 73, 1 3y 14
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Touku — sxcnepumenmanbHole OanHble, CRIOUIHbIE KPUBble — MeopemuyecKie pacuemsl ¢ napamempamu uz madauy 1, 2.
Puc. 1 Juppepenyuanvuvie cevenus ynpy2o2o paccesnus uonoe He ¢ snepausmu 50 u 60 M>B na saope N
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Touku — sxcnepumenmanvroie Oantble, CNIOUIHbIE KPUBble — MeOpemuyecKue pacienst ¢ Napamempami u3 maoauysl 3.
Puc. 2 Juppepenyuanvuvie cevenus ynpyao2o paccesnus uornoe He ¢ onepaueii 72 MoB na sope N
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HccnenoBaHsl CBOMCTBA HAWIEHHBIX MOTEHIIMAIOB Ha MpUMepe onucanus paccesuus *He + N mpu
sHeprusax 50, 60 u 72 Mb>B. PaauanbHble 3aBUCHUMOCTH COOTBETCTBYIOIIMX HAOOpOB IOTEHIIHMAIOB
MOKa3aHbl Ha pucyHKax 3 — 5. Tam e npuBenensl otHomenus V(r)/W(r), a Takxe 3JeMEHTBI MaTPUIIBI
paccesiuust |Si+1/2|. I3 3THX pUCYHKOB XOpOIIO BUIHO, YTO:

. IIPYU CWJIHOM Pa3JIMuuy 3HAYCHUH PeaIbHON 4acTH MOTEHIMAJIOB B 00JaCTH 4yBCTBUTEIBLHOCTH (2-
5 ¢w™m) (pucynku 3a, 4a, 5a), Bce OHM OJMHAKOBO XOPOIIO OMHUCHIBAIOT KCIIEPUMEHTAIBHBIC JaHHEIC,
. panuanbHbBle 3aBUCHMMOCTH MHHMOH 4YacTH BCEX TpeX MOTCHLUHAIOB CHUJIBHO OTIMYAIOTCS

(pucynku 30, 40, 50), Ipu 3TOM, OHHU TIEPECEKAIOTCS IPU I' = 5 ()M Ha paJinyce CUIILHOTO MOTJIOICHUS
(Rsa=5 ¢™m), BemencTBue uero HaOOpBI IMOTCHIMAT OJWHAKOBO XOPOILIO BOCIHPOU3BOJIST
IU(PAKIHOHHYIO CTPYKTYPY SKCIIEPUMEHTAIBHBIX YTITIOBBIX PACTIPENCICHUIH;

o panuanbHble 3aBUCHMOCTH PeajbHOW M MHHUMOW 4acTedl HaOOpOB MOTEHIHMAN Pa3iIMdHbI, HO WX
orHomenuss V (r)/W(r) B obmactu or 3 go 5 ¢m Omusku (pucynku 3B, 4B, 5B). DTO HpsMO

yKa3bIBaeT Ha cyuiecTBoBanue HeopHosHaunoctn tuma V /W | xorza msMeHeHHe B HEKOTOPBIX
npenenax peaqbHONM YacTH TOTEHI[MANAa MOXET OBITh CKOMIICHCHPOBAHO COOTBETCTBYIOIIMMHU
HW3MEHCHUSIMH MHUMOM 9aCTH TaK, YTO KQuyeCTBO MOATOHKH OCTAETCS HEM3MEHHBIM;

. HalJIEHHBIM TIOTEHI[MAIAM COOTBETCTBYIOT pas3inyHble S — Marpuibl (pUCYHKH 3T, 41, 5T), 01HAKO
npu L = 12 ux 3navenns oguHakossl |S(L)| ~ 1/2.
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Puc. 3 a) paouanvuvie 3asucumocmu deticmeumenvroti vacmu nomenyuanos V(r),; 6) paduanvhvie 3a8UcUMOCTU MHUMOU HACMU
nomenyuanos W(r), 8) omnowenus V(r)/\W(r); 2) anemenmol mampuywt paccesnus |Si+12|. Cnaownas, wmpuxoeas u
wmpuxnyHKkmupmle 1unuu coomsemcmaeyiom nomenyuanam G2, GI1, G3
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Puc. 5 a) paduanvnvie 3aucumocmu oelicmeumenvrotl yacmu nomenyuanog V(r),; 6) paduanshvle 3a8UCUMOCTIU MHUMOU
uyacmu nomenyuanog W(r), ¢) omnowenus V(r)/W(r); 2) anemenmol mampuywl paccesnusi |Si+1i2|. Cnrownas, wmpuxosas u
WMPUXIYHKMUpHsle Aunuy coomeemcmeayiom nomenyuanam F2, F1, F3
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Ha pucynke 6 mpuBeneHO pa3ioKeHre BEIYHUCICHHBIX CEUYeHUI Ha TaK Ha3bIBaeMble “ONMKHION” H
“IaNbHIO” KOMIIOHEHTHI, COOTBETCTBYIOLINE PACCESHUIO HA OJIM)KHEM W JalbHEM (OT JETEKTOopa) Kpasx
sapa. BugHo, uyTo B palioHE pamy’KHOrO MaKCUMyMa CEYEHMs LEIUKOM OIpeNessiloTcs AanbHeil
KOMIIOHEHTOH M, CIIe0BaTeIbHO, 0OYCIOBJICHBI MPETOMISIOIIMMHI CBOMCTBAMH SICPHOTO TMOTEHIMANIA.
PamyxHBIIT MakCHUMyM TIPOSIBIISICTCS HAMOOJIEE YETKO B JAIBHEH KOMITOHEHTE, PAaCCUMTAHHOW C paBHOU
HYJII0O MHUMOH YacThIO.

0] PNCreTON 0] ["NirergN
E =50 MbB E-60MB
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Pasnoowcenue cevenuii na OIUNCHION U OANbHIO KOMROHEHMbL. O — OANbHAS U OF — ONUIICHAS KOMNOHEHMb.
Hasepxy nokazanvl pacuemmuole ceuenis 05 OaibHeli KoMnonenmol ¢ Hyneabim noznowenuem (W=0).
Puc. 6 Juppepenyuanvuvie cevenus ynpyeozo paccesnus uonog *He na aope **N npu suepauu 50 (a), 60 (6) u 72 (s) M>B

Jluteparypa.
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BBIYMCJIEHUE CKOPOCTEM PEAKIMI CUHTE3A SIJIEP »C + 12C, 12C + %0 u %0 +
'°0 MPU CBEPXHM3KUX SHEPTUSIX

JlembsinoBa A.', Kanokos 3.12

HYV3. um.Mupso-Ynyz6exa,
Tamkent, Y36ekucran. orxideya28 @gmail.com?,zokirjon@yandex.com?

Hacrosmast paboTta HanpasiieHa Ha HCCIIEA0BaHIE CKOPOCTH MUKHOSACPHOHN peakni HeoOX0AUMOn
JUIsL penieHust mpo0IeMbl pacuéra BeIMIMHbBI CKopocTeld. HaexxHble Teopuu AJ1sl pacdera CBOWCTB TaKOTO
BEIIIECTBA OTCYTCTBYIOT (XOTS MPEIOKEHO MHOTO PA3HBIX TEOPETUUECCKUX MOjeNeit). B yacTHOCTH, He Hc-
KITFOYEHO, YTO HEHTPOHHBIE 3BE3][bI UMEIOT KBAPKOBOE s7p0. BO3MOXKHO U CyIIIeCTBOBaHUE CTPAHHBIX 3BE3/I,
HETUKOM HJTH TIOYUTH [EJTUKOM COCTOSIIMX U3 CTPAHHOM KBAPKOBON MAaTEpPHH.

Pa60Ta OIMUCBIBACT pPEaAKIUH, TMPOUCXOAANIME B CBCPXIUIOTHBIX BCHICCTBAX IIPpU HU3KHUX
TeMIeparypax W MajbiX dHeprusx. lIpeanmararoTcs pe3ynbTaThl BBIYMCICHHS CKOPOCTH MHKHOSICPHBIX
peakimii Tpex BunoB C+C, O+0, C+0O. OcHoBHas mpobiieMa — HEU3BECTEH COCTAB U YPABHEHUE COCTOSIHUS
BEIIIECTBA CBEPXBSJCPHON TIIOTHOCTH B sApaX HEWTPOHHBIX 3Be3d (@, B Ooyiee oOIeil MOCTaHOBKE -
HEWTPOHHBIX W/WIM CTPaHHBIX 3Be3l). JTa MpobjeMa W MpHBIEKaeT 0c000e¢ BHUMaHHWE K HEHUTPOHHBIM
3Be37aM B HACTOSIIIEE BpeMsl, U, BO3MOXHO, OyIeT pelieHa B OmmKaieM Oyaymiem.

B nanmHo# paboTe, MBI OyIeM pacCMaTpPUBAThL PEaKIMU, MPOTEKAIONIHE B TBEPAOH KOpPEe HEHTPOHHBIX
3BE3Jl U KPUCTAJUTMIECKUX spax OelbIX KapiukoB. Ho Hac MHTEpecyroT TONBKO Peakiluy CHHTE3a sifep —
MUKHOSAICPHBIC PEAKITUH.

B mutoTHOM BemiecTBe sSaepHbIE pEeaKIIui MOTYT UATH JaXke TIPU HyJIeBOH TeMIepaType. JTH peaKIiu
MPOUCXOJSIT B CHIY TOTO, YTO HYJEBbIe KoJicOaHHs MOHOB ¢ dHeprueit Eq ~ hw, OKkomo y3ma pemerku
MO3BOJISIFOT UM MPEOJI0JIEBATh KYJIOHOBCKUH Oapbep COCEIHUX HOHOB.

W = (Y) x 4mR2 X P, = (X) X exp(—2mn) X 4mR?

rae: W — ckopocTh peakiuu (BEpPOSITHOCTh B CEKYHIY) MaAaiouiero MoHa Zi ¢ siapoM (MOHOM)
Z,,Y — mnpoumejmMUNoToK npu R,, X - najarouiyi moToK.
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S(E)
W=0(E)xX) = exp(—2mn) X (X)

CpaBHEHHUE 3TUX BBIPAXKEHUH JaeT

S(E) = 4nR2P,E
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W =(X)XT X4nR2P, = v|Y;n.|?

re: | Yine|*BoHOBAS GYHKIMSA OCHOBHOTO COCTOSHUS TapMOHMYecKkoro ocuuisitopa T ipu >Ry,

TS(E)
E

S(E) — actpodusnueckuii saepHsiii S-haxtop.

Ta6uuua 1: Peakuuu cunresa (A4,Z1) + (4, Z,) [1]

Tun peakn | A1 3Ha4eHHA A, 3HaYeHHS Ep axM>3B I;:;EEI\;IT&KHX I;%ﬁzim
C+C 10-24 10-24 17.9 36 Il

C+0 10-24 12-28 17.9 72 i

0+0 12-28 12-28 19.9 45 VI

B 3tom Belpaxkenuu E mpencrammsier coOOW SHEPrHIO IIEHTpA MacC pPEarupymroliux siep,
BEIpaXeHHYI0 B MaB, a Ec, D; By, B, Bs; Cy, Co, C3 u C4 - neBATh MOAXOASAIINX MAPAMETPOB TS KOKION
peaxiuu ObLITH B3AThI U3 PaboTHI [1]

E2 C1+CE+C3E?+C4E3

S(E) = exp (Bl + BE + B3 1+exp[(E—E)/D]

)

370 aHaTUTHYECKOE BhIpakeHue ayst armmpokcumanmu S(E) pakropos.

JIro6ast ckopocTh peaknuu R 3aBUCUT OT YCIIOBHM OKPY)KAIOIIEH cpeapl, TAKMX KaK TeMIIEparypa,
IUIOTHOCTh M COCTaB 3BE3JJHOTO BEIIECTBA.

JIHSI TOTO0 YTOOBI IIOHSTL BIIMSIHHE HeOHpeHeHeHHOCTeﬁ, CBA3aHHBIX C HE3aBHCHMBIMH OT
TEMIIEpaTyphl CKOPOCTSAMHU MUKHOSAEPHOTO S/Ipa, OBUIH PAaCCUMTAHBI MUKHOSAEPHBIC PEAKINH JIIS TPeX
peaxuuii. It peakuuu 6pun 2C + 2C, 12C + 160 u 180 + 160, paccuurannsie o popmyie

LT, Xy X X;A;A{AVZFZ}
2
(1+6:)(4i+4))

_ —C
S(Es.k)/lz. Pt exp( /1172@) cm3cek™ ! (2)
ij

RIAK = 106 C

Taouuna 2. Ilapamertpsl 11 Gpopmy.sl (2)

Ne| Cexp Crnk Coi | Cr | A |@wij|@aij|Monens|Ccpuika
112,638 3,90 1,2510,7241 05| 1 | 1 | OLIKP | [3][4]
212,516] 4,76 1,2510,8341 05| 1 | 1 | OLIKP | [3][4]
312,517] 4,58 1,250,834/ 05| 1 | 1 | OLKP [4]
412,659 5,13 1,2510,707) 05| 1 | 1 | OLKP [4]
512,401 7,43 1,2510,960|/ 05| 1 | 1 | THUKP [4]
62,265 135 1,2511,144105] 1 | 1 | TUKP [4]
712,260] 12,6 1,251,511 05| 1 | 1 | TUKP [4]
812,407] 135 1,2510,953|1 05| 1 | 1 | THUKP [4]
9 (2,460(1,8 x 103|1,809/0,893| 05| 1 | 1 | OLIKP [5]
10|2,450 50 1,25 0,840|0,35]1,05|0,95 [2]
11]2,650 0,5 1,25 10,738]0,65]0,95|1,05 [2]
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Annotation

The reaction >C(1°B,°Be)"*N at Ej;»p=41.3 MeV was investigated for the ground states of °Be and **N. New
experimental data were analyzed for the angular distributions of the reaction cross-sections were obtained. The
analyses of the data has been implemented in the framework of the post form of the modified DWBA and a new
value of the asymptotic normalization coefficient for 2C+p—**N has been obtained.

Key words: nuclear reaction 2C(*°B,°Be)**N, angular distribution, optical potentials, asymptotic normalization
coefficient, astrophysical S-factor

1 Introduction

The 2C(p,y)**N reaction is one of the key reactions in nuclear astrophysics, which plays an important
role in the cold CNO cycle via the sequence [1, 2]

1ZC(p, V) 13 N (lSCe+1)e)l3C(p, 7) 14N (p, y)150(15N6+1)e)15N (p’ a)lZC

both for nucleosynthesis in massive stars [1, 2] and as a source of the low-energy solar neutrinos [3-5]. The
12C(p,y)*N reaction is also the main link of two branches of the CNO cycle transforming from cold to hot
form with the temperature increase, which is determined by the sequence [2]

12C(p, V) 13 N (p’ V) 140 (l4Ne+De)14N (p, y)15o(15Ne+De)15N (p, a)lZC

The study of the *2C(p,y)*3N reaction is also of interest for obtaining information about the formation
of the *C nuclei required for the *C(a,n)'®O process, competing with the most popular ?Ne(a,n)*>Mg
reaction as a neutron source for the s-processes in the low-mass AGB stars [6].

Since 1950, the proton radiative capture *2C(p,y)**N reaction was experimentally studied in a wide
range of energies up to the minimum value of E; ~70 keV in c.m. by measuring prompt reaction y-quanta
(see [7] and references therein) and by activation methods (see [8] and references therein). However, there
is an obvious discrepancy in the experimental data at the lowest energies, and reliable experimental data are
needed to determine the behavior of the astrophysical S-factor S(E) at energies Ecm. below ~200 keV, as
well as between the two aforesaid resonances and above the second resonance.

In the last two decades, a number of methods of analysis of experimental data were proposed to obtain
the “experimental” values of the asymptotic normalization coefficients (ANC) for their application to
nuclear astrophysics (see, for example, Refs. [9-11] and the references therein). One of such methods uses
the modified DWBA [12, 13] for the peripheral transfer reaction

x+A—y+B (1)
considered in the framework of the three-body (A, a and y) model, where x=(y+a) is a projectile, B=(A+a),
and a is a transferred particle. In the modified DWBA, the absolute values of differential cross sections
(DCSs) are expressed as the product of the squared ANCs, which determine the amplitude of the tail of the
overlap functions corresponding to the wave functions of the B and x nuclei in the binary (A+a) and (y+a)
channels [14], respectively.
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To determine the ANC for ?C+p—*3N, we measured the angular distributions of the differential cross
section (DCS) of the transfer 1?C(*°B,°Be)**N reaction at the incident °B energy of 41.3 MeV in the angular
interval covering the forward hemisphere. Than the ANC C?1;, was obtained from these data using the post
form of the modified DWBA.

2 Experimental method

Measurements of the angular distribution of °Be ions from the reaction *2C(*°B,°Be)**N were carried
out on the derived ion beam °B of the U-200P accelerator of Heavy-lon Laboratory at the University of
Warsaw. The energy of °B ions was 41.3 MeV with an energy spread of less than 1%. The beam was
directed to the carbon target in the scattering chamber of the multi-detector ICARE setup [15, 16], and the
reaction products were registered by four AE-E telescopes consisting of silicon detectors (E) and ionization
chambers (AE), and mounted in pairs on two remotely rotating platforms. Also, three monitor silicon
detectors were installed outside the telescope rotation plane at an angle 15° to measure and control the beam
energy, as well as the target state. The self-consistent films of natural carbon, which thicknesses are about
0.14 mg/cm? were used as *°C targets. The measured energy spectra were treated with the program ROOT
[17]. A typical two-dimensional (AE,E) spectrum is shown in Fig 1.

One can see the good separation of the reaction products with charges of Z = 4-7 which is needed for
the required differential cross sections obtaining. A typical energy spectrum of °Be nuclei arising in *°C +°B
interaction is shown in Fig 2. The energy resolution in the spectrum is approximately 500 keV, which is
mainly defined by the own resolution of the E-detectors of telescopes, the energy spread of accelerated ions
10B, and kinematic broadening. The most intense groups of the detected ions °Be correspond to formation
of the 3N nucleus in the ground state (J*=1/2), and in two unresolved states 3.50 MeV (3/2°) and 3.55 MeV
(5/2*). The groups corresponding to the excited states of the °Be nucleus are weakly excited.
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Fig. 1 The typical two-dimensional (AE-E) spectrum of particles from  Fig. 2 Fragment of the °Be nuclei energy spectrum from
the 2C+19B reaction at Eia(1°B) = 41.3 MeV, measured at an angle the 2C(1°B,°Be)3N reaction at Eian(1°B) = 41.3MeV
Ohab = 15°. measured at an angle fiap = 13°.

Angular distribution for °Be from the 12C(*°B,°Beys )**Ng.. reaction was measured in the angular range
of 5°-40° in the laboratory system. The statistical error was ~3 - 5% in the spectra measured at the forward
angles and somewhat more at larger angles, but nowhere exceeded 12 - 17%. The corresponding error bars
are smaller than the size of the experimental points at small angles. According to our estimates, the
systematic errors in DCS are mainly determined by target thickness uncertainties and do not exceed 10%.
Additional control in determining the absolute value of experimental errors is performed by comparing the
cross section of elastic scattering of 1°B ions on *2C nuclei at small angles with the cross section of
Rutherford scattering. As a whole, we estimated the systematic error of measured cross-sections to be not
larger than 10%.

3 Analysis of the ?C(**B,°Be)®N reaction and asymptotic normalization coefficient for
12C+p—>13N
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In this section, we present the results of the analysis of the experimental DCS of the proton transfer
12C(%9B,°Be)®*N reaction measured in the present work at the projectile 1°B energy of 41.3 MeV. The analysis
has been done within the modified DWBA using the LOLA code [18].

In the modified DWBA [13], the DCS for the peripheral proton particle transfer 2C(1°B, °Be)*N
reaction (\°B—°Be+p and *N—'2C+p) in the angular region of the main peak of the angular distribution
can be written in the form

do

d—QZCéCpRéDWBA)(Ei 10;b989p)blch) 1 (2)
(DWBA) .
(2 (E ) 91 b9 ) b12 )
(DWBA) . Y p I Bep Cp
Rp (Ei’e’bgBep’buCp)_CgBep b2 bz 1 (3)
9Bep ~12Cp
where o (""® s the single-particle DWBA cross section [16]; C., e d CgBep are the ANCs for

12C+p—1N and °Be+p—1°B, which determine the amplitudes of the tails of the radial **N and °B nucleus

wave functions in the (*2C+p) and (°Be+p) channels [14] and blZCp and bgBep are the single-particle ANCs

for the shell-model wave functions for the two-body [**N=(*2C+p) and °B=(°Be+p)] bound states, which
determine the amplitudes of their tails; E; is the relative kinetic energy of the colliding particles and 4 is the
center-of-mass scattering angle.

If the reaction is peripheral in the angular region near the main peak, then the contribution of the

internal part into the REDWBA) (E;,0:byy, 0z ) must be strongly suppressed. In this case, the conditions of

peripherality are formulated by:

RIPV(E;, ;b bu,) = T (Ei,6), (4)

where the left-hand side of (4) must not depend on b

QBepl

e for each fixed energy E; and scattering angle 6

belonging to the main peak. Then from (2) and (3) the following condition

2 _ do/dQ B
Clch oY R'()DWBA)(Ei’H;b b ) = const (5)

9Bep 9Bep’ 12Cp

must be fulfilled for each fixed energy Ei , 6(60=6",j=12,..) and the function of

R (E;,0;b b)) from (4). Therefore, Egs. (4) and (5) can be used for determination of the

°Bep

squared ANCs szcp, since, in the external part of the matrix element the optical potential ambiguity and

the dependence of the R (E;,6;b., b, e

We performed the calculations with five different sets of the optical potentials of the reaction
12C(1°B,°Be)®*N. They are presented in Table 1.

At first, we have tested validity of the condition (4) for the experimental points from the main peak
of the angular distribution of the reaction and the sets of the optical potentials of Table 1. For calculation of
the shell model bound [**N(*2C+p)] state wave functions the Woods-Saxon potential with the Thomas spin-
orbital term is used for each fixed value of the geometric parameters (the radius ro and the diffuseness a) by
adjusting the well depth to the experimental binding energy (1.944 MeV for the nucleus **N). The parameters
for 1N are varied within the physically acceptable limits of 1.1<ro<1.4 fm and 0.6<a<0.7 fm with respect
to their “standard” values (ro=1.25 fm and a=0.65 fm). As illustration, Fig. 3 shows plots of the

RIPVV(E,, 6; b.,..,) dependence on the single-particle ANC b, ~obtained for the optical potentials of the

set A1B1 from Table 1, for the angle &*® belonging to the main peaks of the corresponding angular

p) functionon b ) will be reduced to minimum.
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distribution. The width of the bands for these curves is the result of the weak “residual” dependence of
RIPWEA(E;, 6; b...,,) on the parameters ro and a (up to +1%) for b, (ry;a) =const [19].

Tab. 1: Optical potential parameters used in DWBA calculations, where V, W are in MeV, r and a are in fm. A1, A2 and
A3 correspond to the optical potentials for 1°B+!C, and B1, B2 represent the ones for °Be+1N.

Channel Entrance Exit
Al A2 A3 B1 B2
VR 100 66.31 78.68 127.0 60.0
IR 1.15 1.19 1.176 0.80 1.18
ar 0.428 0.429 0.429 0.78 0.60
Wy 15 27.0 37.8 139 326
F'wy 1.30 1.26 1.246 1.25 1.18
awy 0.248 0.285 0.285 0.75 0.60
rc 1.25 1.25 1.25 1.0 1.1

Thus, the detailed study of the peripheral character of the considered reaction makes it possible to
extract the values of ANCs C? ) by using the experimental differential cross sections and values of the

12C
function RV (E;, 6; b..,,) in the right-hand side of the relation (5) for the different scattering angles
from the forward hemisphere.
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Fig. 3 The RF()DWBA) (E;, 0, blch) as a function of the single-particle ANC Dy, at two different angles 6: (a) and (b) for

13
N
0=9.25° and 12.96°, respectively.

The results of calculations and their comparison with the experimental data of the present work are
displayed in Fig. 4. As is seen from this figure, the calculated cross section is in a good agreement with the
experimental data in the main peak region of the angular distribution for all sets of the optical potentials.

T T
- experimental data

=}
T

- ——A1B1
7~ N ——A1B2
o ——A282

= A3B1

do/dQ (mb/sr)

s
=

0,01 -

0 2‘0 4IIJ Slﬂ
0__ (deg)
Fig. 4 Experimental and calculated DCS of the reaction 12C(1°B,°Beg;s.)**Ngs..

The squared ANC Cng for 2C+p—™N and spectroscopic factors obtained from the present

experimental data are listed in Table 2. The uncertainties for the squared ANC’s include the experimental error
and the estimated error from the theoretical calculation.
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Tab. 2: The weighted mean values of the squared ANCs for 2C+p—3N obtained from the angular distribution of the
12C(19B,°Be) N reaction using the combination of optical potentials for the entrance and exit channels.

Optical CZ, S,
potentials fmt N
AlB1 2.334+0.23 0.6+0.06
AlB2 2.335+0.24 0.6+0.06
A2B2 2.287+0.23 0.58+0.06
A3B1 2.328+0.24 0.59+0.061
A3B2 2.278+0.24 0.58+0.06
Average 2.312+0.24 0.59+0.06

The obtained value of the ANC Cf;N for 2C+p—*3N will be used to determine the astrophysical S
factor of the radiative capture reaction 2C(p,y)**N.
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AHHOTAIMA

Onucanvl 6apuanmol aKMUEAYUOHHBIX MEMOOUK UIMEPEHUS. 6bIX0006 ACMPOPUIULECKU BANCHBIX AOCPHBIX
peaxyuil  paouayUoOHHO20 3AX6AMA 3APAJICEHHLIX YaACMUY, CO30aHHble HA 0aze 1eKMmPOCMAMUYEcKO20
yekopumenst DI-2. Hx 0cobennocmuio A615emcs YIyuuieHue coomHouenus noaesol ungopmayuu u oua,
umo Kpatine 6adNCHO NPU OYeHb MATbIX CeUeHUSX, XAPaKMepHviX 015 A0epHO-ACMPOPYUIULECKUX NPOYECCO8.
Tonyuenvt snauenus 6v1x0006 peaxyuti 2C(p,y) N u °0(p,y)'F npu 60nee nuskux snepausx, 20e parnee dannvie
omcymemeosau.

KuiroueBbie ciioBa: SiepHo-acTpousnyeckie peakiiuy; paaualMoHHbIH 3aXBaT; akTHBAIIMOHHAS METO/INKA;
raMMa-ClieKTPOMETP COBIAJICHUI; BBIXO/] PEAKIHH.

1 Beenenune

Jlnist mostyueHHs: TOCTOBEPHBIX 3HAUCHHU I CKOPOCTEH acTpOPHU3MUCCKH BAKHBIX SACPHBIX PEAKIUi, U
B YaCTHOCTH, PaJMAlMOHHOIO 3axBara npotona sapamu 2C u 10, HeoO6X0auMo MojTydeHHe JaHHBIX 00
ATHUX PEAKIUAX MPH BO3MOXKHO 00Jiee HU3KUX DHEPTHAX Pa3TUYHBIMH IKCIIEPUMEHTATLHBIMH METOIAMH.
Oba ymoMsSHYTBIX TpollecCa WIPAOT BAXKHYI pOJb B TPOILECCE 3BE3JHOTO HYKICOCHHTE3a H
sHeproeoiieienns. Hanpumep, peakuus 2C(p,y)*N B mauanbnoii dase CN- mukma 10 JTOCTHKEHHS
paBHOBECHsl KOHTPOJUpyeT oOpasoBanue 1N B mocieayroneM Xo/e 3TOro UK. IT0 BaXKHO, MOCKOIbKY
3axBar mpoToHa >TuM saapom, “*N(p,y)°O KOHTpOIHMpPYeT CKOPOCTh LMKJIA M BBIIEICHUE SHEPTUM IIPH
conHevHbIX Temmeparypax. Peakiumst *O(p,y)}'F - ogno w3 3BenbeB CNO-IMKIOB TOpeHHst BOAOPOJA,
WTPaeT BAXHYIO POJIb B DBOJIIOIHMH 3BE3], OTHOCAIIUXCS K T.Ha3. ACHMNTOTHYEeCKOHW | mrantckoit BerBu
(Asymptotic Giant Branch —AGB [1]), k koTopoii otHOcuTcs u Connile. HagesxxHoe onpeneneHine CKopocTH
PaJIMAIllMOHHOrO 3aXBaTa MPOTOHA sAAPOM °0 MO3BOJUT TOHATH NPUYMHBI AHOMATLHOTO COOTHOLICHWS
70/%0 B nerkux AGB 3Besmax. Kpome Toro, peakuus *O(p,y)YF sBisercs nmpekpacHbIM TECTOM
HagexHoctd AHK-Meroa BerauciieHus: S-(hakTopoB MPsSMOTo paaHalliOHHOTO 3aXBaTta.

[Mperm3noHHOe H3MEpEeHHE BBIXOJOB paJMAllMOHHOTO 3aXBaTa MPOTOHA JITKUMHU SAPAMH,
IKCTPAIOJIAUS WX YHEPreTHIeCKOr 3aBUCUMOCTH B o0nactu E,<<l M»1B u comocraBieHne ckopocTeit
pEaKIMy, paCCUUTHIBAEMBIX 110 BHIXOJAM U MOJHBIM S- ()aKTOpaM CYIIECTBEHHO YBEIUYUT JOCTOBEPHOCTh
TaKUX JAHHBIX B HEAOCTYITHOU TSI TAOOPATOPHBIX H3MEPEHUN 00JIaCTH YHEPTHiA.

s pagMalioHHOTO 3axBaTa 4acTHIlbl @ sapom A, A+a—B+y BBIXOJ peakuuu MpH SHEPTHU
HAJICTAIOIIHMX YaCTHIl £ ONpe/ieNsieTcsi BhIpaKCHUEM:

E E
Y, (E) = nAjdE'/ f (E)xc"* 5 (E") = nA_[Wl(E’) xg"E(ENE" ()
0 0

e Na— KoHueHTparus saep A B Bemectse mumend, f, (E’) — byHkuus ynensHbIX HOHU3aIIMOHHBIX

HOTEPh YACTHUII ITyYKa HA €MHULIE JJIMHBI B BELIECTBE MUILIEHH, 0~ 3 ~B(E ") — mosHoe ceueHne peakuum.

B nuteparype umeeTcst 60JIbIIOE KOJMIECTBO JaHHBIX [0 U3MEPEHUAM U aHAITU3Y aCTPOPUIMIECKUX
S-dakropor peakimii 2C(p,y)®N u ®¥O(p,y)'F npu nuskux smeprusx (cm. o63op [2] - “NACRE”
compilation, 0630p [3], pabora [4] u comepkaruecs B Hei cchutkn). OIHAKO JaHHEBIE TI0 BEIXO1aM PEAKITHH
2C(p,y)°N wumenuch IMmb B OTAEILHBIX DHEPIETUYECKUX HMHTEPBANaX, M HMEIH OOIbIINE
aKCIepUMeHTalbHble  morpemHoctu. Just peaknuu  °0O(p,y)'F Hamu BooOIle He OOHAPYKEHBI
JTUTEpaTypHbIE TaHHBIE M0 BBIXO/IaM B 00JacTy 3Hepruit obxactu £,< 2 M»aB. B cB3u ¢ 3TUM HaMu OBIIO
NPEANPHUHATO U3MepeHue Bbixo10B peakiuii 22C(p,y) N u %0 (p,y)'’F B 001acTi OTHOCUTENBHBIX SHEPT Ui
Ep<1 MaB.
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2 MeToauKa u3MepeHHid M IKCIIePUMEHT.

s u3mepeHus OBLI KCIIOJIB30BaH pa3pa0OOTaHHBIA Hamu paHee [5] M MOIUQPUIIMPOBAHHBIN B
nanpHeilnieM [6] BapuMaHT aKTHBAIMOHHONW METOMMKH JUIA ONpeaeicHus BbIXomoB Yg(E) myrem
PETUCTPAIIMU COBMAICHUI AHHUTHIIIIIUOHHBIX TaMMa KBaHTOB TpU 00pa3oBaHuu 3* - akTHBHOTO KOHEYHOTO
spa.

IMpuHIMIBI W OCOOCHHOCTH HCIOJNB30BAHHOW METOAWMKH JETanbHO onwcaHsl B [5].
OKcIieprMeHTalbHAs YCTaHOBKA, pealn3yromias pa3paboTaHHBI MOAM(DHUINPOBAHHBINA aKTHBAIMOHHBII
MeToJl, OblIa co3maHa Ha 3nekTpocrarndeckoMm yckoputene OI-2 «COKOJI» HammonansHOTO
VYuuBepcurera PVY3 (r. Tamxkenr). IlpuHmmnwuanbHeIM —SBISETCd IUKIMYECKOE MOBTOPEHHE B
ABTOMAaTUYECKOM DPEKUME OOIydeHUS MUIICHU U 3aTeM PEruCTpaliyd aHHUTHUISIMOHHBIX KBAaHTOB C
3a/1aBaéMBIMU TIEpHOJIaMU OOJydeHUsT W W3MEpeHHs. JTUTEIBHOCTH TEPHUOIO0B ONTUMU3ZHPYIOTCS IS
YIIy4IIeHUS] COOTHOIICHUS ITOJIE3HBIX W (DOHOBBIX COOBITHH, a HAKOIUIEHHE OTCYETOB MHTETpPaTropa TOKa
MyYKa U OTCYETOB aHHUTHIIAIIMOHHBIX KBAHTOB B K&XKJIOM TEPHOJIE Pa3OUTO Ha rpajaryu (HHISKCH | U |,
COOTBETCTBEHHO) IS Y9€Ta BapbUPOBAaHUSI MHTCHCUBHOCTH ITyYKa BO BPEMEHHU W OTIpEeAeNIeHIs TIepHOIOB
roJtypactmajia KOHEYHBIX SIep.

O011Iee YMCIIO IUKIIOB OTIPENEISIeTCS He0OX0AUMOM CTaTUCTUKOM. Perucrpupyembie aBTOMaTHIECKH
MEPEKITIOYAOIIIMMUCS OBICTPBIMU CUSTUYMKAMH OTCYETHI OT HWHTErpaTropa TOKa IydYKa W COBMAJCHUMN
AHHUTHSIIIMOHHBIX KBAHTOB HAKAIUIMBAIOTCS B BHJE IByMEepHbIX MaTpuil coObITHi Ny (i, j) Mo 1mkiam B
namstu [1K, 3arem aHamM3upyOTCs CIeNUaNIbHO pa3pabO0TaHHBIM MMPOTPAMMHBIM

AHany3 HaKOIUIEHHOH TakuM 00pa3oM WH(GOpMAalUN W W3BJICYCHHE W3 HEe 3HAYCHWU BBIXOJIOB
peaKIuu SBISETCS HETPUBUAILHOW 3ajauel, TIOCKOJIBKY YYUTHIBAETCS MHOTO (DaKTOPOB, KOTOPBIE MOTYT
HCKa3UTh PE3yJIbTAT: BapUallMM TOKa Iy4yKa, WICHTHU(QHUKAIMM HYKHOIO KOHEYHOTO sipa, 3(PdexTs
HAKOIUICHUS! OCTATOYHBIX AKTUBHOCTEH OT LMKIA K LUKIYy U MPU CMEHE pPEXHUMa U3MEPEHUH U Ap.
OxoHuare/lbHOE BhIpakeHUE IS 3(G(EKTUBHOW aKTUBHOCTH ag saep B, CBA3aHHON C BBIXOJAOM Yp
HCCIEeNyeMOM peaklMy, UMEET JOCTaTOUHO CIOXKHYIO CTPYKTYpPY:

'max

=C. Y (l/Stm) (1 e‘”t'rr) L@ M ZZ g MAt(j-m) Z{N kk~6tirr} )

i=1 m=1
3necb C — TOCTOSHHAsA, YYHTHIBAIOIIAS KaJII/I6pOBKy WHTErpaTopa Iydka, 3(QQEeKTUBHOCTD
perucTpanuy 1 BbIXOAbl aHHUTWIIALIMOHHBIX KBAHTOB; N, m.k ecTh “K-bIii”” OTCUET HHTETpaTopa Imy4Ka B “m-

oM” THKIJIe JKCIepuMeHTa; lir — BpeMs oOiydeHws B mHKIe; Olir — WHTEpBal pa3OHWeHUs BPEMEHH
o0y4eHus. 3alaHie PEKUMOB MPOBEJCHHUS IKCICPUMEHTOB U aHAJIN3 HAKOIUICHHBIX MACCHBOB JaHHBIX
BBITIOJTHSJICS CTICITHAIBHO pa3paboTaHHBIM MPOTpaMMHEIM obecnieuenneM MANCC.

Ha Puc. 1 npuBeneHa cxema H3MEpUTEILHOW YCTAHOBKH.

Puc. 1 — Cucmema mpancnopmupogku nyyka u IKCNepUMeHmanbHas YyCmanogKd.

1 - cenapupyiowuii machum, 2- weneeoi koanumamop. 3 — npepvisamenv nyuka, 4 — cMompogoe OKHO, 5 —
Gopmupyrowas nywox ouagpazma, 6 — oxpanHoe KoIbyo, 7 — d1eKmpouzonupyiowee coeounenue, 8 — azomuas 108yuwKa, 9 —
Mmuwennas kamepa, 10 — mpaexmopus nyuka, 11 — muwenw, 12 — depoicamenv muwienu, 13 — cucmema 800AH020 OXAANHCOEHUA,
14 - skpanupyrowas gonvea, 15 — ceunyoswill KOHsepmMeP NOUMPOHOS, 16 — KpeMHuUesbill OemeKmop (He UCNOIb3068AH 8 OAHHbIX
uUsMepeHusx)

B mpencraBieHHBIX HM3MEpEHHSX MeToAMKa Obuia MoauduuupoaHa. B omHoM Bapuante
CUMHTHUIAIMOHHBIE ICTEKTOPhI ObLTH 3aMEHEeHBI Ha ToynpoBoaHiKoBeie HPGe mnerextopsl [6]. Bricokas
pazperatomas criocobHocts HPGe nerekropos, nMerommx oTHocuTenbHyo 3¢ dexkrusHocTs 40% (FWHM
y CHUHTWUIANHUOHHOTO nerektopa — ~10 %, y HPGe gerextop < 0.3 %) mo3Bommiia pe3ko YMEHBIINUTh
SHEPreTUYECKUE OKHA OJHOKAHAIBHBIX aMIUIMTYJHBIX aHAJIM3aTOpOB Ui OTOOpa COBNAACHUI
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AHHUTWJSIIMOHHBIX raMMa KBaHTOB (cM. Puc. 3) 1, COOTBETCTBEHHO, YMEHBIIUTH CKOPOCTH cyeTa (POHOBBIX
coObITHIf ~ B 40 pa3 nmpu yMeHbLIEHUH 3 (EKTUBHOCTH PETUCTPAIINH YY-COBIAICHHH B 7 pas.

A
MOA
Multiport IT

ni;zT‘.'L“ Blala

Microcomtroller

Puc. 2. Obwuii 6uo moouguyuposannoco eapuanma yYCmaHo6Ku Ol UBMEPeHUsl CeYyeHull U Gbix0008 pearyull
paouayuonrozo 3axeama ¢ ucnoavsosanuem HP Ge demexmopos (cresa) u 610k-cxema.

B npyrom Bapmante Gpiia mcmonb3oBana kombunarws u3 mapsl Nal(Tl) m HPGe merexTopos, urto
HE3HAYUTEIHHO YBEIUUUIIO CKOPOCTh cueTa (POHOBBIX cOOBITHI OTHOCUTENbHO KoMOuHaunu HPGe+HPGe
— netekTopoB (~ B 1.5 pa3za) npu yBenuueHnn 3G GEKTHBHOCTH perucTpanuu B 2.2 pasa.

600 - 800 3000
i & NaJ(Ti) - NaJ(Ti) . HPGe - HPGe
= BKaY "g’ 1  Kpuctann 100 x 160mm | 2 | GC.“““’
& 8 600 2 -
4004 - ] O 2000 - a
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s 400 - \ 63 kv ] | 15kev
= > i % u-.'-c &
200t} = 1000 !
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Puc. 3. Cnexmp 2amma-nyueii uz peaxyuu 2C(p,y)*N (cresa) u oxna cosnadenuii npu ucnoab306aHUU CYURMUITAYUOHHBIX
u HP Ge demexmopos.

3 Oco0eHHOCTH U3MepeHUs peaKkumii

Ha pucynke 4 cneBa npuBeeHa cxema HIKHUX ypoBHel spa *N. Bo B3auMo1elicTBUY IPOTOHOB C
sapoM 2C Hrke 2 MoB uMeroTes 1Ba IMPOKUX pe3oHaHca ¢ sHeprusmu E, = 0.457 u 1.699 MaB (i1.c.x.).
ITpu E, <0.457 M»aB B pe3ysbrare 3axBata BO3HUKAECT JIMIIb OuH Y-KBaHT (E,= (12/13) E, — 1.944 M5B or
3axBaTa POTOHA B OCHOBHOE cocrosiuue sapa 3N, koTopoe pacnanaercs B+ - pacnagom (100%) B sapo C
¢ nepuogoM noxypacnaaa Ti = 9.965 mun.

13.547 s/2t _ 3.86 572~ ]
!3'502 ojoy . s 2105 172-
2.365 2t = ~
1.944 5
IZC +p
I 801
| ) 04953 | 4 2t 220
20 13 = [;:J]rawow 00_i .| o
N Eppa =1-190 MeV WF
\" ey ;
0.0 =
13C 170 0.0

Puc. 4. Cxemvt pacnada soep N u Y'F, obpasyowuxcs npu paduayuonnom 3axeame npomoua
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Snpo Y'F, o6pasyronieecs npu pajanalioHHOM 3aXBaTe POTOHA AAPOM Kucinopoaal®O, nmeer Bpems
xm3HU T1p= 64.5 cex. U mperepneBaer B* - pacnag npaktudecku co 100% BeposSTHOCTHIO B OCHOBHOE
cocrostaue sipa 'O (puc. 3, cnipasa). Hike sHepruu cBsi3u npotoHa (£,=0.6003 MaB) uMerorcs ToJbKO 2
ypoBHS: OCHOBHOE coctosinue (5/2+, T= Y2) u E£*=0.4953 M»sB (1/2+, T= 4). He oOHapyxeHbI ypOBHU
(pe3oHaHchl) B penenax 2 MaB Bbllie JHEPIUH CBA3HM NPOTOHA, II03TOMY B cedenun peakuun 80(p,y)’F
HET PE30HAHCOB MPHU MaJIbIX YHEPTUsIX BILUIOTH A0 E,=2.5 MaB (11a0).

4 Pe3ynbTaThl H3MEPEHHUs1 BbIX0A0B peakuuu C(p,y)N

I[To BBINICONMCAHHOM METOMMKE BBINOJHEHBI M3MepeHus Bbix00B peakuun 2C(p,y)*N B obnactu
sneprun 190 <FE, <700 k3B (HOBBIE nanHbIe). B 3KCIIeprMEHTE HCIOTB30BaHBI TOJICTHIE (TOMIMHA OOJIbIIE
npodera nagaroux NPOTOHOB) MUIIEHH UX YHCTOTO PEAKTOPHOro rpadura.

NMeroruecs: SKCrnepuMeHTalbHble JaHHble o Bbixoay peakiun 2C(p,y)N [5,7,8] u pesynbrarst
HallUMX MOCIEAHUX H3MepeHuil mpencrasieHsl Ha Puc. 5. Craructuueckue OmMMOKHM B BUAE «YCOBY
MOKa3aHbl, €CIM OHHM TNPEBBIIIAIOT pa3Mep OSKCIEpUMEHTANbHBIX Touek. CIUlomiHash KpuBas — Hamla
SMIMPHUYECKasl alIPOKCUMALNS SHEPTeTHYECKOI 3aBUCUMOCTH BbIX0/1a, OCHOBaHHAsI HA BCEX MMEIOIINXCS
9KCHEPUMEHTAJIBHBIX JaHHBIX, BKJIIOYas acTpodusnieckue S-(pakTopsl U MOJHbIC MONePEYHbIE CEYCHHUS B
obmactu 1-oro pe3onanca (Er = 0.457 M»aB).

1E-9 5

1E-10 4

1E-11 4

1E-12

Yield, nucl./proton

1E-13 4

1E-14 4

T T T T T T T T T T T |
500 600 700 800 900

E keV
P

T T T
200 300 400

Pucynox 5. =Duepeemuueckasn 3aeucumocmo evixooa peaxyuu >C(p,y)*N npu. Yepuvie mpeyeonvruxu — oannvie uz [7],
nycmole Kpyocku — u3 [8] uepnvie u KpacHvle Kpyscku — OaHHbvle, usmepeHHvle namu pauee ([5] u [6], kpacuvie 36E300uku —
Pe3yabmanmbl HAWUX U3MePeHUtl, CHIOUHAS KPUBAsl — NOTYHEHHAS HAMU anNPOKCUMAYUs 3A8UCUMOCIU 8bIX00a om dHepauu [5].

5 Pe3yabTaThl H3MepeHus BLIX0A0B peakuun O(p,y)'F

HW3mepenns Beixon0B peakiuu 60 (p,y)!'F ObuIn BBINOJIHEHBI C UCIIONL30BAHUEM TOM K€ METOIUKH.
B kauectBe TosicTOM Mumienu 0 Gbula KCIIOJB30BaHa IUIACTHHKA U3 okuch Gepuuius BeO. [TockonbKy
peakiys paaualMoOHHOrO 3aXBaTa MPOTOHA OEPUILIMEM MPUBOIMT K 00pa3oBaHuIo cTabuibHOTO sapa °B,
ero HalM4Me HEe MEIIAI0 W3MEPEHUSIM aKTHBHOCTH MHUILCHH 110 Yy-coBrnaaenusm N, ot B* -pacnana siqpa
YE, ®onosas kommnonenTa B* -pacmnaga sapa 3N, B TOM uuclie CBsI3aHHAs ¢ HArOpPaHUEM YIJIEpOja Ha
MOBEPXHOCTh MHIIIEHH, OblTa BeIYTEHA 110 (hopme kpuBoit pacmaga LN(Ny,.(t)).

Ha puc. 6 npuBeneHsl M3MepeHHbIE 3HaYeHHs BhIxoa peakuuu 60 (p,y): Y(Ep) = 3.7x102n 4.54x10
12 pacniasioB Ha 1 HaJeTAMOIINIA MPOTOH, COOTBETCTBEHHO MpH 3Heprusx 650 u 700 k9B ¢ abCcoMOTHRIMU
morpemHocTsIMH He Oomee 25%. KpuBas — mocTpoeHHas HaMH OMIHMPUYECKas aIrpoOKCHMAITUs
SHEPreTHYECKOMN 3aBUCHMOCTH BBIXO/Ia [0 UMEIOIIMMCS B JINTEPATYPE IKCIIEPUMEHTAIBHBIM S- hakTopam,
[epepacCYUTAHHBIM B 3HAUEHUS BHIXOJIOB:

Y(E)=1.93x10"1x(2.5 E*-0.73 E3-0.486 E?+0.2447 E-0.03022) 3)
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Puc. 6. Annpokcumayus snepeemuueckoii 3asucumocmu 6vixooa peaxyuu *0(p, y) u usmepennvle snavenus evixooa.

6. 3aka0uenue

I[IpencTaBieH BApUAHT METOJMKI U3MEPEHHS BBIXOJ0B acTPO(GU3MUIECKU BaXKHBIX peakiuii (p,y) s
caydaeB B+ - aKTMBHBIX 0OpPasyIOIMXCS SJEP, NO3BOJISAIOIIMI 3HAYMTENLHO CHHU3MTH YPOBEHb (DOHOBBIX
COOBITHH ¥ NPOJABUHYTHCS IIPU M3MEPEHUSAX B CTOPOHY MEHbINMX SHepruii. Kak BumHo m3 puc. 5 u 6,
M3MEPEHHBIE C MCTIOJIb30BAHMEM 3TOW METOIMKHU BBIXOBI JJOCTATOYHO XOPOIIO KOPPENUPYIOT C JAHHBIMU
APYrux paboT M HPAKTHYECKH JIOKATCSA HA alIPOKCHMHPYIOILYI0 KPHMBYIO, YTO TOBOPUT O HAJEKHOCTU
HAIIUX JAHHBIX, U3MEPEHHBIX B 4acTHOCTH s peakumu 2C(P,y)"N npu Gonee Hu3KkMX dHeprusx. B
JanbHENIIEM 3TH JaHHbIE OyIyT UCIIOIb30BaHbI U1 YTOYHEHHS DKCTPAIOISIMOHHBIX PACYETOB CKOPOCTEH
acrpodusmnueckux peakimit 22C(p,y) N u ¥0(p,y) 'F.
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KOMILVIEKTAIIA BJIOKA FAMMA-UCTOYHHUKA HNCTOYHUKOM
NOHU3UPYIOLIET'O N3JITYYEHUSA OE3UU-137 n KAJINBPOBKA
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2Koncmpyxmopckoe Bropo ¢ Onvimuvim 3a600om (KB ¢ O3) npu UAD AH PY3
r.Tamkent, 100214, E-mail: skb@inp.uz (Pecriybnuka Y36ekucran, r. TamkenT, moc. Yiyroek)

AHHOTAIUSA

B pabome uznazaemcsi komniekmayusi 10K 2AMMA UCTIOYHUKA PAOUOUZOMONHO20 WIOMHOMEPA UMNOPNIHO20
npoussoocmea (Endress+Hauser AG, Ilseyus) 3axpuimbim ucmouHuUKOM UOHUSUPYIOWe20 usnyyenus Ilesuti-
137 muna I'Cs7.021.1 u xanubposxu (2padyupoéxi) paouou3omonHo2o HIOMHOMePd 6 1aO0opamopHuIX
VCNIOBUAX HA CMEHOAX UMUMAMOPAX C JHCUOKUMU UMUMAMOPAMY, U320MOGIEHHbLIMU HA OCHOBE CMecu
MpUOpOMMeEmMana U IMuL08020 CHUPmd.

KaioueBble ciioBa: 0J0K raMMa-UCTOYHHMKA, HCTOYHUK HOHU3UPYIOIIETO U3yUeHUsl, OJIOK IETEKTUPOBAHMUS,
0510k 00pabOTKH ¥ aHaTN3a MHOOPMAIIHUH, KUJIKHA UMUTATOP, KATHOPOBKA PaTHON30TOITHOTO IJIOTHOMEDA.

BBenenue

PagmonzoTonHele MIOTHOMEPHI MPEAHAa3HAYEHBl I HEMPEepPhIBHOIO OECKOHTAKTHOTO KOHTPOJIS B
CTAaIlMOHApPHBIX YCJOBUAX IUIOTHOCTH JKUAKHX Cpel M IyJIblH B TPyOONpPOBOAAaX M Pa3IMYHBIX
TEXHOJIOTHUECKHX YCTAaHOBKaX B IPOW3BOJCTBEHHBIX OOJACTAX KakK 4YepHas M LBETHAs METaJUTyprHs,
XMMUYECKasi, FOPHOA0ObIBAOLIas U TOPHO-000TaTUTENbHAs, HeTera3oBas v MUILEBasi IPOMBIIITICHHOCTH.
[Mpuniun paboThl paAMOU30TOMHOTO TUIOTHOMEpPa OCHOBAaH HAa 3aBUCHMOCTH IUIOTHOCTH MOTOKA ramma-
M3Iy4eHHs OT UCTOYHHKA MOHHU3HMPYIOILErO M3JIy4EHHUs, IPOXOIAIIErO Yepe3 KOHTPOINPYEMYIO CPENY OT
IUIOTHOCTH U3MeEpsAeMOM cpeibl ((KMIKUX CPEN WM MYJIbII).

B texHonoruueckux auHusAx npousBojacTBa ['TI «HI'MK» nng onpeneneHus miaoTHOCTH CYyCIIEH3UU
MyJIBIIBI UCTIONB3YIOTCS PAIMOU30TOITHBIE INIOTHOMEPHI 3apyOexkHoro npoussoacTea (Endress+Hauser AG,
[IBenus), KOTOpbIE KOMIUIEKTYIOTCS HMCTOYHHKaMU HoHu3upytomero mnydenuss (MUU) Llesmii-137.
Opnnako, ummnoprtupoBanue B PecnyOnmuky VY3Oexucran MWW Lle3uid-137  cBA3aHO ¢ HEKOTOPHIMH
TPYIHOCTSIMH, TaKUMHU Kak noxydenue Jlunensun MBOCUT Ha ux BBO3 u3-3a pyOeska, pacxo/ibl BaTFOTHBIX
CPEACTB 0 NPHOOPETEHMIO M aBHAIEPEBO3KE MCTOYHHUKOB M3-3a pyOeka, cepBUCHOE OOCITYyKMBaHHUE IO
MPOBEPKE TEPMETHYHOCTH U 3aXOPOHEHUIO HCTOYHHUKOB MOCIIE HCTEYSHHS CPOKaA UX CITYKObI. B 3T0ii CBsI3M
KOMIUIEKTAalUs HMMIIOPTUPYEMOrO PaaMOU3OTOIHOTO IUIOTHOMEpa uHcTouHMKamu lle3uii-137 Tuna
I'Cs7.021.1 u rpagyupoBka (KanmuOpoBKa) paJion30TOIHOTO MTIOTHOMEpA SBIISIETCS aKTyaIbHO 3a/1a4eid.

Lenpto nccnenoBanus sBiIseTCs pa3paboTka merona mpoBepku repmermyHoctd MU Lesmit-137
I'Cs7.021.1, 3apsinku ucrounuka lle3mii-137 B 00k raMMa-UCTOYHHMKA PAJMOU30TOMHOIO TUIOTHOMEpPA U
IpagyupOBKH (KATMOPOBKM) PaglOM30TOIHOIO INIOTHOMEPA B Ta0OPATOPHBIX YCIOBHUSX.

2. [Iposepka repmernunoctu UNMU Le3nii-137

J1s KOMIUTEKTaIiy paguorn30TOITHOTO IIoTHOMepa OblT ncnoip3oBan MMUU Heswit-137 I'Cs7.021.1
akTuBHOCTBIO 3,06-10° Bk (82,7 MKU), TexHMYECKHE JaHHBIE KOTOPOTO IOKa3aHbl B TaOmuIe 1.

Ta6. 1: OcHOBHBIE TEXHHYECKHE JAHHBIE U XaPAKTEPUCTHKHN HCTOYHUKA rAMMAa-N3JIyYeHHUsl 3aKPBITHIIl ¢ PaIHOHYKJIN/IOM
He3nii-137 tuna I'Cs7.021.1, naciopt Ne22338, 3aB. Homep 190

HaI/IMeHOBaHI/Ie, XapaKTePUCTUKA U eANHULA U3MEPEeHU S Il a H H bl¢

1. PaGovast HOBEpPXHOCTh JIHO

2. V3MepeHHOE 3HAUGHHE MOIIHOCTH  OSKCIIO3MIMOHHOM 103l B  HAIPABJICHHH

MEPIECHINKYJIAPHOW TMOBEPXHOCTH HAa PACCTOSHUM 1 M OT Hee NpPU OTHOLICHUH IHaMeTpa 2.85.10°
1

OWIMHIPUIECKOTO KaHajla KoJuimMaropa ycraHoBky tTuna BY-01 k ee anune, paaom 0,6, A/kr

3. I[OBQpPITeJ'IBHLIe TpaHUIbI CyMMapHOﬁ IMOTPEIIHOCTH PE3YJILTATOB UBMEPCHUA MOLTHOCTH

9KCIIO3UIIMOHHON 103l HCTOYHUKA MU BepositHocTH 0,95, B % +15
4. Mecsiny 1 roji U3MEepeHHst MOIIHOCTH AKCIO3ULMOHHOM 03Bl 12.2019
5. AxtuBHOCTH paguonykinaa llesuii-137 B ucrounnke, bk, He Oonee 3,06-10° (82,7 MKu)
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6. Hapy>Hbie pa3Mepbl HCTOYHHUKA, MM JTHaMETp 8,0
BBICOTA 12,0
7. Marepuai KarcyJbl CTajlb MapKu ctanb Mapku 12X18H10T
8. Pa3mepbl aKTHBHOI 4aCTH HCTOYHUKA, MM JHaMeTp 6,0
BBICOTA 6,5
9. T'epMeTHYHOCTh HCTOYHHKA repMeTHYCH
10. YpoBeHb pagrioakTHBHOTO 3arPSI3HEHUS] HCTOYHHKA PaJMOAKTHBHBIMU BEIIECTBAMH TIPH
OMpPECICHUH METOIOM CHATHS Ma3ka, bk, He Ooee 185

[IpoBepka repmernunoctn wuctoynuka [lesmid-137 T'Cs7.021.1 (Nel90) Owima npoBeneHa
pamTuoOMETPUIECKIM MMMEPCHOHHBIM MeToAoM. /Iy mpoBepKH TepMeTHYHOCTH ncToyHnka lle3mii-137
OBbLT UCTIOIB30BaH UMMEPCHOHHBIN MeTo1 (Dprames X.A. u 1p., [IpenBaputensubiii mateHT PY3. No 4943,
1997). B 3ammrHOoM Ookca 3manus Nel PecnyOnmkaHCKOW IEHTpaIbHOW H30TOMHOI JabopaTtopuu
(PLIJI) USAD AH PVY3 uctounuk Llesnii-137 Obu1 momernieH B 8%-Hblil BOIHBIN pacTBOp opTodocdopHoit
KHCJIOTHI Y BBIZICPKaH B UMMEPCHOHHOM YKUAKOCTH B TEUCHUH | Yaca IpU KOMHATHOM TeMIieparype, 3aTeM
WUCTOYHHUK OBUI NPOMBIT JUCTHUIMPOBAHHOM BOJOH. B pammonornueckoil nCHbITaTeNIbHON 1a00paTopuu
Usd AH PY3 Obut npoBeeH raMMa-CIEKTPOMETPUYECKUI aHalu3 KUCIOTHOM BBITSHKKH Ha ramma-Oera
cnextpomerpe «PAJIDK» MKI'b-01 (Poccust) u HPGE nerekrope Ha momynmpoBOTHIKOBOM CBEPXYHUCTOM
repmanun ¢ ananmuzatopoM DSA-1000 ¢ o6paboTkoii raMMa-CIEKTPOB € HMCHOJIBb30BAaHHEM MPOTPaMMBbI
Genie 2000 (“Canberra Industries, Inc.", CIIIA). T'amma-CeKTPOMETPHYECKHIA aHaIM3 KHUCIOTHOM
BBITSDKKH TIOKa3al, YTO aKTHBHOCTH paguoHykiuaa Llesmii-137 ne mpeBbimaer 185 bk (~5 vKwm), T.e.
uctounuk Ile3uii-137 I'Cs7.021.1 (Nel90) siBisieTcsi TepMETHYHBIM COOTBETCTBYIOLIMI TpeOOBaHUIO
Mexaynapoaasix ctannaptoB (1ISO 9978-92,1992; TOCT P 51919-2002). Ha ocHOBaHuU pe3ynbTaTa 1o
MIPOBEPKE TEPMETUIHOCTH UCTOUYHHUKA OBIIIO OPOPMIICHO CBHAETEILCTBO 0 repmeTnanoctu MU 1e3wmii-
137 I'Cs7.021.1 (Ne190) ¢ mpoieHreM cpoka ero ciyx0s1 10 26.12.2024r.

3. Kommiexkranus 610ka ramma-ucrounuka MMU Le3mii-137

st 3apsiaku ucrounnka [e3uii-137 I'Cs7.021.1 (muamerp &=8 mm u BbicoTa h=12 MM) B reHx10
ucrounuka (auamerp =7 MM u rybuna h=10 MM) B OJ0Ke raMMa-UCTOYHHKA PaJHOU30TOITHOTO
IDIOTHOMEpPA He0OX0uMO OBIIO YBEITMUCHHE THe3/1a HcTouHnKa. B mpomsBoacTeenHoM riexy Kb ¢ O3 mpu
UsI® AH PVY3 6butn mpoBeieHBl paboThHI 10 YBEITHYSHUIO THE3/1a UCTOYHHKA JI0 pa3MepoB: quamerp =10
MM U rryouHa h=13 mMwm, 94T0 mo3BomII0 3apsaauTh uctounuk 1le3nit-137 I'Cs7.021.1 B rHe3Ie HCTOYHHUKA.

B 3amurHoM G6okce 3qanus Nel PITJT UAD AH PY3 qucraHIIMOHHBIM CTIOCOOOM OBLIH TP OBECHBI
paboTHl IO 3apsaKe ncrounnka Ile3mit-137 1'Cs7.021.1 (Nel90) B 050K TamMma-HCTOYHHKA
PaJMOU30TOITHOTO TUIOTHOMEpA: B THE3JI0 MCTOYHMKa ObLI 3apshkeH uctounuk llesmii-137 I'Cs7.021.1,
KpBIIIKa THE3[a NCTOYHUKA 3aKPbhITa, 3AIIUTHBIA MEXaHW3M OJIOKMPOBKH MCTOYHHKA OBLT TIEpeBEleH W3
TMOJIOKEHUS KOTKPBITO» B MOJIOKEHUE «3aKPBITOY.

PaGoTter mo go3uMeTprYecKOMY KOHTPOJIO MOITHOCTH JKCIIO3WIIMOHHOW O3Bl TaMMa-M3ITydeHHS
(M3 1) 6pun mpoBenensl nozumerpuueckuM npudopom CPII-88 H (Ne0208). I1pu 3apsaxe 61oka ramma-
uctouHnka uctouyHukoMm Iesmii-137 I'Cs7.021.1 (Ne190) MDJI nHa pacctosiiun 0 M OT MOBEPXHOCTH
coorBercTByeT MO/I=55 Mx3B/4ac (55 mxl'p/uac), a MO/] Ha paccrostuuu 1 M cocrasisiet 0,5 Mk3B/uac
(0,5 wmxkI'p/gac). B pagwousoTonmHbIx mnpuOOpax, MPEAHA3HAYCHHBIX JUISI HCIOJb30BaHHS B
MTPOM3BO/ICTBEHHBIX YCIOBUSAX, B COOTBETCTBUU C CAHUTAPHBIM HOPMATUBHBIM TpeOoBaHusiM MD/] ramma-
n3nydyeHus Ha noBepxHoctu (0 M) Oyoka raMma-MCTOYHHMKA C UCTOYHMKOM HE JIOJDKHA mpeBbimarh 100
MKI'p/gac, a Ha paccTosiHun 1 M He qospkHa npebinath 3 MKI p/4 (CaulluH Ne0193-06, 2006), mostomy,
JOTIOJTHATENFHOM 3alIUThl U3 CBHHLA Ha TIOBEPXHOCTH OJIOKAa TaMMa-UCTOYHHUKA HE TPeOyeTcCsl.

4. U3roToBJjieHHE KUIAKHX HMHUTATOPOB U CTEHAOB UMHTATOPOB

B pabore (KykoB, 1991) mokaszaHo, 4TO IJii TPamyHpOBKH PagUOM3OTONHBIX IUIOTHOMEPOB
UCTIONB3YIOTCS TETPOJIEHHbIN ddup, 6ensun, 6enson (650-860 r/nm®), BomHO-CIIUPTOBEIE pacTBOPHI (870-
950 r/nm®), cepHo-BuHHBIE pacTBOpbl (960-1010 r/mm%), cepro-Bomubie pactBopbl (960-1830 r/mm®),
pactBopel  Tyne (1840-2000 r/nm®). Opmako, BbINIEyKa3aHHBIE JKMAKME HWMHUTATOpPhl O00IaqaroT
arpecCUBHBIMH CBOWCTBAMU H SIBIISIFOTCS BBICOKOTOKCHYHBIMU JUIS 3J0POBbS UEIOBEKA.

Juist TpaZlyMpOBKH PalMOU30TOIHOTO IIOTHOMEpa OBbLTM HCIOJBb30BaHbl KHUJKUE MMUTATOPHI Ha
OCHOBE cMecu TpuOpommeTaHa (Opomodopm) M dTHIOBOro cnmprta (Meroanka ToOBepkH Tpudopa
paaunounsoronHoro MHorouenesoro PTK-1, 1979, 20 c¢). [lns mpurotoBieHus >KUIKHX HMHTaTOpPOB B
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CTEKJITHHBIX eMKOCTSIX 110 5,0 1 6butH cMeranbl Tpuopommeran CHBI3 cTabuimn3upoBaHHbIi pe30PIUHOM
u 3twioBbIi ciupt (C2HsOH) (Tabnuma 1).

Ta6. 1: CooTHOIIEHHE KOMIIOHEHTOB )KHIKHX HMMHTATOPOB KOHTPOJMPYEMOii cpeabl.

3HayeHne MIOTHOCTH, KI/M® CocTaB MMMTAaTOpPOB, B % 10 00bEMY
opomodopm CIOUPT
800 0,5 99,5
1000 10,0 90,0
1200 19,5 80,5
1400 29,0 71,0
1600 38,5 61,5
1800 48.0 52,0
2000 57,5 42,5
2200 67,0 33,0
2400 76,5 235
2600 86,0 13,0
2800 95,6 4,5

B kauecTBe BCIOMOTATENBHBIX CPENCTB KaJHMOPOBKH IUIOTHOCTH J>KHIKAX HWMHTATOPOB OBLIH
HCIIOJIB30BaHBI apEOMETPhI OOIIEr0 HA3HAYECHHS, TIPU TIOMOIIM KOTOPIX OBUINA ONPEIEIICHBI TIIIOTHOCTH
xuakoro umuraropa Ne 1 (o=1118 r/am®), xuakoro umuraropa Ne2 (p=1415 r/am®) 1 )KUIKOro MMHTATOPA
Ne3 (p=1715 r/nmd).

Crengpt  umutaTopsl Nel, N2, Ne3 wumeroT ¢opMy KBaipaTHBIX €MKOCTeH (BeicoTa=15 cM,
mupuHa=40 CM, mHa=324 MM, TOJNIIWHA CTCHKA=8 MM) OBLITH W3TOTOBJICHBI CBAPKOHW M3 METAIITMICCKOM
JICTOBOH cTanmy TomuuHON 4 MM. CTEH/Ibl IMUTATOPBI UMEIOT BXOJIHBIC M BBIXOIHBIE TPYOKH (J=32 MM 1
@=20 MM) c pe3bOOBBIMH TOJIOBKAMH JUIS HAIMBAHUS JKUJIKAX HMMHTATOPOB., KOTOPHIE  IUIOTHO
3aKpPBIBAIOTCS KPBIIIKAMH C PE3bOOBBIMH ronoBkamu. Kuakuii umuratop Nel mmeer rumoTHOCTh 0=1118
r/nm3, xuakuii mmuratop Ne2 uMeer mioTHOCTE o=1415 r/amS v kuakuii umuratop Ne3 UMeeT IIIOTHOCTh
p=1715 r/nme.

5. Pa3zpa0doTka ¥ M3roToBJIeHHE CBHHIIOBOTO SKPaHa /ISl KOJJIHMAaTopa

Cornacuo crenmupukanun (Crernudukanus pagnon30TOMHOTO mioTHoMepa. Endress+Hauser AG,
[Benusa, 2018) B paTMon30TONHOM IUIOTHOMEPE HCIONb3YyeTcs UCTOUHUK Lle3mii-137 akTUBHOCTBIO 5-8
MKuU. [l xommnexTanuu 6;10Ka raMMa-MCTOYHHUKA PAJAMOM30TOMHOIO IUIOTHOMEpa UCTOYHHKOM Lle3wii-
137 mamu 6611 ucrronb3oBad MU Lesmit-137 I'Cs7.021.1 (Ne 190), mmerommii akTHBHOCTD 82,7 MKU.

C 1enpi0 YMEHBIIICHUS! MHTEHCUBHOCTH TaMMa-u3nydeHus uctounuka llesuit-137 I'Cs7.021.1 (Ne
190) ¢ aktuBHOCTRIO 82,7 MKU m pocTmkeHuss mHTeHCHBHOCTH Tramma-minmydeHus MWW 1leswmit-137
I'Cs7.012.8 ¢ aktuBHOCTBIO 8,56 MKU ObLT pa3paboTaH CBHHIIOBBIM 3KpaH JJIs YCTaHOBJICHUS Tepe
KOJUTMMAaTOPOM B OJIOKE raMMa-MCTOYHHKA PaJHOU30TOITHOTO IIOTHOMEpa. ToNmHa CBUHIIOBOTO dKpaHa
cocraiser 15mMm. TonmuHa CBHHIIOBOTO 3KpaHa ObLia OMPE/AeieHa SKCIePUMEHTAIBHBIM IyTeM IPU
Io3uMeTpuIeckoM KoHTposrle MO /] ramma-usnydenns nerounnka llesunii-137 (A, b, B).

A) Brnok ramma-uCroyHuka ¢ 3apshkeHHbIM HcTo4HMKOM lle3mit-137 I'Cs7.012.8 (NelXE) ¢
akTUBHOCTRIO 8,56 MKU OBUT pacroyiokeH Ha pacCTOSHHH 45 MM OT IyCTOTO CTEHIa WMHUTATOpa, Ha
paccrostHum 100 MM OT Hero ObLT PacIIONIOKEH OJIOK JeTeKTopa. [Ipy MmookeHNH KOJUTMMAaTOpa «OTKPBITOY
JIO3UMETPUUECKIM TIPHOOpPOM ObUT0 m3MeperHo MD/] raMMa-u3mydeHns BIUIOTHYIO Ha 3 TOYKaX U3MEPECHUM
BJIOJIb OJI0Ka AeTekTopa (Touka 1- paccrossHue 0 MM OT Hadano OJ0Ka AeTeKTopa, Touka 2- paccrosiaue 200
MM OT Ha4ajo 0JIOKa IETEKTopa, Touka 3 - paccrosaue 400 MM OT Havasio OJI0Ka JAETEKTOpa).

b) biok ramma-ucrounuka ¢ uctoanukom Le3mii-137 I'Cs7.021.1. (Ne190) ¢ akTuBHOCTHIO 82,7 MKU
OBLT PacIoJIOKEH Ha paccTosiHMU 45 MM OT MyCTOTO CTEHIAa MMUTATOpa Ha paccrosHuu 100 MM OT Hero
ObUT pacronio’keH OJOK Jerektopa. llpw momokeHWH KOIIMMAaTopa «OTKPBITO» MO3MMETPHYECKUM
npubopom 06110 n3MepeHo MO/] raMma-nu3TydeHus BIDIOTHYIO OT OJIOKa JeTeKTopa Ha 3 M3MEPHUTENbHBIX
TOYKaX aHAJIOTUYHO KaK OIMCAHO B A.

B) B Omnoke ramma-uctoyHmka ¢ 3apspkeHHbIM ucTouHMKOM lle3mit-137 I'Cs7.021.1. (Nel190)
akTuBHOCTRIO 82,7 MKU mrepen KoumiMaTopoM OBLT YCTAaHOBJICH CBHHIIOBHIN 3KpaH TOJITUHONW 15 MM, Ha
paccrosiHuM 45 MM OT KOJUTUMAaTOpa ObLT PACIOJIOKEH ITyCTOM CTEHI UMUTATOP, Ha pacctossHuu 100 MM ot
MyCTOT0 CTeH1a UMHUTATOpa OB pacioiokeH 010K AeTekTopa. IIpu monokeHnu KoummMaTopa «OTKPBITO»
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JO3UMETPUYECKUM MTPHOOpoM ObLTO ompeaeneHo MO/l raMMa-u3IydeHns BILIOTHYIO OT OJIOKa JAeTeKTopa
Ha 3 U3MEPUTETHHBIX TOUYKAX aHAJTOTHYHO Kak omucaHo B A u b.

B Ttabmume 2 mokazaHbl pe3yNbTaThl JO3MMETPHYECKOro KOHTpois MOJl ramma-usmydeHus
ucrounuka Ile3uii-137 I['Cs7.012.8 (0e3 cBuHIOBOrO 3Kpana), ucrounuka llesmit-137 1'Cs7.021.1 (6e3
CBHHIIOBOTO dKpaHa) u ucrtounnka lle3mit-137 I'Cs7.021.1 co CBUHITOBBIM 3KPaHOM.

Tab6. 2: Pe3yabTaThl 103UMeTPHYECKOr0 KOHTPoass MO/l ramma-u3iayydenus ucrounnka He3nii-137 'Cs7.012.8 n
ucrounuka Ile3mii-137 I'Cs7.021.1.

Ne HaumenoBanue HNzmepsiemasi Touka M3 J,
Tana Ha IeTeKTOope MK3B/4ac
1. Ucrounuk Ile3mii-137 I'Cs7.012.8,
(Ne IXE) aktuBHOcTH 8,56 MKU (6€3 CBUHIIOBOrO 3KpaHa)
1.1. I[Tycroii cTeH UMUTATOP 1-0wmm 6,6
1.2. ITycToii cTenn uMuTaTop 2-200 mm 7,6
1.3. ITycroii cTeH UMUTATOP 3-400 mm 5,6
Cpennee — 6,6
2. Hcrounuk [e3nii-137 I'Cs7.021.1 (Ne190)
akTuBHOCTH 87,2 MKU (6e3 CBUHIIOBOTO 3KpaHa)
2.1. Tlycroii CTeHa UMUATATOP 1-0wmm 32
2.2. ITycro#i cTeH UMUTATOP 2-200 mm 30,1
2.3. I[Tycro#i cTeH UMUTATOP 3-400 mm 30,7
Cpennee — 30,9
3. Hcrounuk Lesnii-137 I'Cs7.021.1 (Ne 190) akTuBHOCTH
87,2 MKU cO CBHHIIOBBIM SKpaHOM TONIIHHON 15MM
3.1. Ilycroit creny uMuTaTop 1-0mm 6,4
3.2 Ilycroii CTeHa UMUTATOP 2-200 mm 6,8
3.3. Tlycroii CTeHa UMUATATOP 3—400 mm 6,5
Cpennee — 6,6

Kak BugHO M3 Tabnuupl 2, MpH yCTaHOBJIEHHUE TIepe]] KOJUIMMATOPOM Ha OJIOKE raMMa-HCTOYHHKA
CBMHLIOBOTO JKpaHa TOJIIMHOH I5MM W [OO3MMETPUYECKOM KOHTPOJIE JO3bl raMMa-H3Iy4YEeHUS OT
uctounuka lle3nii-137 I'Cs7.021.1 ¢ aktuBHOcThiO 87,2 MKU cocraBmsier MD/I= 6,6 Mk3B/4ac, KOTOpoe
PaBHO CpeJHEMY 3HAUEHHIO 1036l FraMMa-u3aydeHns oT ucroynuka [le3nit-137 I'Cs7.012.8 ¢ akTHUBHOCTBIO
8,56 MKu (M31= 6,6 Mk3B/uac)., T.e. CBUHIIOBBIH SKpaH IMOTJIOIIACT TaMMa-u3inydeHue. B pesynbrare
YMEHBIIAETCSI UHTEHCUBHOCTh TaMMa-u3nydeHust ucrounuka Le3mit-137 I'Cs7.021.1 10 MHTEHCUBHOCTH
ramma-usnydenus uctounuka llesuit-137 'Cs7.012.8.

Taxum 00pazom, mepen KOJLUTUMAaTopoM B OJIOKe raMMa-ICTOYHUKA ¢ 3apspkeHHpIM MU [e3mit-137
I'Cs7.021.1 aktuBHOCTBIO 87,2 MKU OBLT yCTaHOBIIEH CBUHLIOBBIN SKPAaHOM TOJILIUHOMN 15 MM.

5. Kanun6poBka (rpaxyupoBKa) paiMOH30TOIIHOIO IJIOTHOMePA B JIa00PATOPHBIX YCJIOBHSIX

Jns xamuOpoBKH (TpalyrpoBKa) paAMOU30TOMHOTO IDIOTHOMEpA B JIAOOPATOPHBIX YCIOBHAX OJIOK
raMMa-HCTOYHHUKA C 3apsbKeHHBIM HcTOYHUKOM Lle3mit-137 I'Cs7.021.1 (Ne 190) co CBHHIIOBBIM 3KpaHOM
TOJIIIMHOM 15 MM YCTaHOBJICHHBIM TEpe]] KOJUTMMATOPOM, CTEH UMUTATOP C KUAKIM UMUTATOPOM U OJIOK
JeTeKTopa ObUTH pa3MeIleHbl B COOTBETCTBUHU C ICKHM30M M0 MOHTaXXy PaJHOM30TONHOTO INIOTHOMEpa Ha
TEXHOJOTHYECKOW  JuHMH  TpyOompoBoga  (Cremudukamuss  pagHoOU30TOMHOTO  IDIOTHOMEpA.
EndresstHauser AG, Iserws, 2018) (prucynox 1)

Bbriox ramma-ucroyHmKa ¢ 3apspkeHHBIM HeTouHuKOM Lesnii-137 I'Cs7.021.1 (Ne 190) 6511 pazmMerieH
Ha CHENHAILHON MOACTaBKE BHICOTON S0MM IMpH TOPU30HTATHHOM PACIOIOXKEHUE KOJUITMMATOpa, mepen
KOJUTMMATOPOM OBUT yCTAHOBJICH CBUHIIOBBIA dKpaH TONMMHOW 15MM, Ha  pacctrosHmd 45 MM
Mapauie]bHO OT IIEHTPa KOJUIMMATopa ObLT PACHOJIONKEH CTCHI MMHTATOP C KHUIKHUM HMHTATOPOM C
W3BECTHOW IUIOTHOCTHIO, Ha paccrossand 100 MM mapauienbHO OT IHEHTpa CTEHAa HMHTaTopa OBLI
pacmonoxeH OJOK JETEKTOpa, YCTAaHOBIICGHHBIM Ha 2 MOJACTaBKaxX, 3aKpPEIUICHHBIX Ha 00OMX KOHIaX
JETEeKTOpAa.
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200 95 255 35
250 100 260 40
300 100 260 45
350 110 270 50
400 110 270 55

Puc. 1. Dckus 3asicuma 0nst Monmasica paouou3z0monHo20 NIOMHOMePa Ha MeXHOL02UHeCKOU JUHUY MpPYyOonposooa..

CorjacHO HMHCTPYKIIMH II0 DKCIUTyaTallii panuomsoromnHoro rwiotHomepa (Brief Operation
Instruction Gammapilot M FMG60, 2018) 6110k geTekTopa ObLI cOeIMHEH ¢ 0JI0KOM 00pabOTKH M aHaIn3a
HHQOPMAITUH Yepe3 COCAMHUTEILHBIIN Ka0elb 1 OJI0K IeTeKTopa ObII BKIIIOYCH B AJIEKTPHUYECKYIO ceTh 220
B. IlporpaMmHOe obecnieueHHE PagHOM30TONHOTO IUIOTHOMEPA, BCTPOCHHOE B MHUKPOYHIIE, ITO3BOJISET
HACTOWT PAJUON3OTOTHBIN TUIOTHOMEP 110 9 pa3HBIM IUIOTHOCTSIM, B TO BpeMsl Kak HaMH ObLIO IMpoBeieHa
KaJHOpOBKa PaJdOM30TOIHOTO IUIOTHOMEpA MO 3 M3MEpSEMBIM IUIOTHOCTAM (KuAkuid mmutarop Nel c
mI0THOCTEIO o=1118 r/am®, xuaxuit umurarop Ne2 ¢ mmotHOCTBIO p=1,414 r/nM® M KUIKUK UMHATATOD
Ne3 ¢ mmotHocTeio p=1715 r1/nM%), T.K. KanuOpoBKa 1O 3 H3MEPAEMBIM IUIOTHOCTSAM SIBJISIETCS
ONTHUMAIbHBIM JUI TOYHOW KaJMOPOBKM PagMOM30TONHOIrO IUIOTHOMepa. [lpu kamubGpoBke ObLIO
JOCTHTHYTa KaTHOPOBKa PaIOU30TOHOTO INIOTHOMEPA, T.€. YUCIIO JIIEKTPUIECKUX UMITYJIBCOB (4acToTa)
BO3HUKAIONIMX B JIETEKTOpE, KOTOpas TmepemaeTcss B OJIOK 0OOpabOTKM W aHanm3a WH()OpPMALUU
COOTBETCTBYET  HM3MEPSEMOI IUIOTHOCTH JKUAKOTO HMMHTaropa. [Ipw KaauOpoBKe paauoU30TOIMHOTO
IUIOTHOMEpA KaKIbIH SKUAKUA MUMHUTATOp ObUT BBLAEpKaH i QuiykTyauuud B TedeHuu 30 MUHYT, a
W3MEpEHHE IUIOTHOCTH KaXIOTo XHIKOTO MMHUTaTopa Obulo BhIMOSHEHO B TedueHnH 20 muuyT. [lpm
M3MEPEHNH TDIOTHOCTH KUIKOTO UMHUTATOpa Ha AWCIUICH 0JI0Ka 00paboTKu u aHamm3a nH(OpMaIuu ObII0
MOJTY4EHO 3Hau€HHE TNIOTHOCTH )KUIAKOTO UMHUTATOpa M 3HAYCHHE TJIOTHOCTH B %, TIOKa3aHHOE HA PUCYHKE
2.

B tabaunie 3 moka3zaHbl TEXHUYECKUE XapaKTEPUCTUKU PaAXOU30TOITHOTO INIOTHOMEpA.

Ta6. 3: TexHnueckne XapaKTePUCTHKU PAANOU30TONMHOrO MiIoTHOMepa Ne P 9007001064 FHX-40.

Ne | HaumenoBanue Tun 3HauyeHne

Brok raMmma nznydenus Ne PA 00040113F Bec — 40 xr
2. | Ucrounuk Le3mii-137 co CBHHIIOBBIM YKPAaHOM I'Cs7.021.1, Ne 190 | akTuBHOCTB — 87,2 MKu

15mMm
3. JleTekTop CUMHTUIUIALMOHHBIN FM G60, Ne P mmHa - 400 Mm

900A50100F
4. | BBIXOJHBIE MEKTPUUECKUE CUTHAIIBI ITocTosiHHBIH TOK HIDKHUH npesen miotHocTH 1=4,0 MA;
BepxXHHUH mpezen mioTHocty 1=20,0 MA

Ha pucynke 2 noka3anbl (JOTOCHIMKH T'PagyHPOBKH PAJAHON30TONHOTO TUIOTHOMEDA.
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Puc.2. T'padyuposka paouousomonnoeo niommnomepa Ne P 9007001064 FHX-40: cmpasa nokazamvr: Oiox eamma-
UCTOYHUKA, CEUNYOBDILL IKDAH MOAWUHOL 15 MM, cmend umumamopa c scudxkum umumamopom Ne2 (p=1415 2/om®) u demexmop;
Cresa nokasamwl: Qucniel O10Kka 0opaboOmKU U AHATU3A UHGOPMAYUU C OMKPLIMOL KPLIUKOL, 20€ NOKA3AHO USMEPEHHOE 3HAUCHIUEe
naomuocmu sHcuokozo umumamopa Ne2 (p=14151 2/om®).

3akrouenne

B Omox ramMma W3NydYeHHs PAJUOM3OTOIHOTO IUIOTHOMEPAa HWMIIOPTHOTO TPOU3BOJCTBA OBLI
ykomiutektoBaH repmernansiM UMU Lesuii-137 tuma 'Cs7.021.1 (macmopt Ne22338, 3aB. Homep Nel90),
M3rOTOBJICH CBUHIIOBBIN 3KPaH TOJIIIMHON 15 MM, KOTOPBIH ObLT YCTAaHOBJICH MEpe KOUTMMAaToOpoM OJI0Ka
raMMa-HCTOYHHUKA.

PammownzoTonHeIi IToTHOMEpP OBIT OTKaTHOpPOBaH HAa HIDKHUH ypoBeHb (0%) MIIOTHOCTH MyTBIBL (0
=1200 r/nm%) mo xuakomy umuraropy Nel (p=1118 r/nm®), cpeanuii yposens (50%) IIOTHOCTH My JIBITBI
110 sxuKomy umutatopy Ne2 (o=1414 r/nm®) u na Bepxuuii yposens (100%) motHocTH mysbibt (0 =1600
r/nm®) 1o uakomy umutaropy Ne3 (p=1715 r/nmd).

B nerexTope pagHoOW30TONHOIO TUIOTHOMEpA TPH JOCTHKCHUE HIDKHETo IMpefeiia TUIOTHOCTH
SMYJIbCUH MyNbIbl BO3HUKAET BBIXOAHOW 3JEKTPUUECKHH curHaia B paszbeme - 4,0 MA, IOCTH)KEHHE
BEPXHETO Mpeeia INOTHOCTH SMYJIbCUH MYJIbIIBI BOSHUKAET BHIXOTHOHN JEKTPHUYECKUI CUTHAI B Pa3beMe
- 20,0 MA ¥ Ha MOHHTOpE KOMIIBIOTEpA IyJIbTa YIIPABICHUS PaJUONU30TOINHOIO IUIOTHOMEPA BBIAAETCS
rpadpuyueckoe H300pakeHne IIOTHOCTH SMYJIbCUH MYJIbIIBI B PEKUME PEATBHOTO BPEMEHH.
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KOMILIEKC METOJMK [JiI1 HM3MEPEHUSI SDHEPIETHYECKHUX CIIEKTPOB
BTOPAUYHBIX HEUTPOHOB HA HENTPOHHOM I'EHEPATOPE HI'-150 USI® AH PY3

C.B. Aptemos, b.C. lOanames, M.A. KaromoB, A.A. Kapaxomxaes, O.O. BaxpaHos,
9.T. Py3ues, B.A. Tatapuyk, O.P. To:xxku6oeB, ®.X. Jpraumesn

Hucmumym adepnou ¢puzuxu AH PV3,
Tamxkent 100214, Y30eknucran

AHHOTAIIMA

IIpusedeno cocmosanue pabom noO CO30aHUIO GPEMANPONEMHOU MEMOOUKU UBMEPEHUS IHep2emuyecKux
CNeKmpos8 8MOPUYHbIX HelimpoHos8 npu e3aumooeicmauu 14-M»>Buuix nelimponog ¢ muwenamu. Paspaboman
Memoo A0ep omoayu 0N UsMepeHus Y2iogvlx pachpeoeneHull U SHepeemuiecKux CHeKmpos 6mopUiHbIX
HeUmpoH08, UHOYYUPOBAHHLIX 83aUMOOelicmaeueMm OblICmpbIX HeUMmpPOHO8 ¢ AOpamu Ha Oase HelmpoHHO20
eenepamopa HI-150 UAD AH PYs.

KimoueBble ciioBa: HeWTpoHHBINH reHepatop, meron TOF (Time of flight), metox simep otmaum, medensie
HEHTPOHBI, PHEPreTHYECKHE CIEKTPHl BTOPUYHBIX HEHTpoHOB, AE-E perucrpanms, CUMHTHILIAIIMOHHBIA
JIETEKTOP, TOJIYIPOBOIHUKOBBIH Si-1eTeKTOP.

1. Beenenue

PasBurne Texnonoruit ADS (cucTeMbl W3 AETSIIUXCS MAaTePHAaIoOB B MOJKPUTUUYECKOM COCTOSHHH,
YIPaBJIIEMbIX BHEIIHMM MOIIHBIM HCTOYHHKOM HeWTpoHoB — Accelerator Driven Systems) siBisiercs
YpE3BBIYANHO aKTyaIbHOM 3anadeil. Hannuue Takod yCTaHOBKM MO3BOJIUT CO3/JaTh AKCIHEPUMEHTAIBHYIO
0azy [T poBeNeHUs AAePHO-(DU3MIECKUX HCCISIOBAaHUNA U CYIIECTBEHHO PACIIUPHUTH BOZMOXKHOCTH JIJISt
MPaKTUYECKOTO oOecIlieueHns BHEAPEHHUs HOBBIX TEXHOJIOTHHA B sepHyIo sHepretuky [1]. Omaum w3
BapHaHTOB CO3JaHUS TAKOT'O BEICOKOMHTEHCHBHOTO HCTOYHNKA HEUTPOHOB siBisteTcs cuctema «DD nmm TD
HEWTPOHHBIH reHepaTOp — MHULIEHb U3 €CTECTBEHHOTO ypaHa Wi Topus». OKuaaeTcs, 4To Takasi MUILIEHb,
o6IrydaeMast TIOTOKOM IIEPBHYHBIX HEUTPOHOB ¢ dHeprueii ~ 2.4 MaB (u3 d+D peaxiwmn) v ~14 MsB (u3
d+T peaxmmn), 3a cuer peakuuii (n,2n), (n,3n), (n,f) u xp. Oyaer nzayyars BTOPUYHBIX HEHTPOHOB OOJIBIIIE,
YyeM MaJIalolInil TOTOK OT HEUTPOHHOTO TeHepaTopa.

Lenpto Hacrosimmed pabOTHI SABIAETCS pa3pabOTKa IKCIEPHUMEHTAIEHOW YCTAHOBKH U HM3MEPEHHS
CIIEKTPOB BTOPWUYHBIX HEWTPOHOB, UCITyCKAEMBIX MHIICHSIMH M3 MaTepHANOB ¢ OONbIIUMH A TPU HX
o0y4eHnn HeliTpoHaMu ¢ 3Hepruer ~ 14 M»aB. Ilpu 3ToM crieKTpbl HE0OXO0AUMO H3MEPATH MO Pa3HBIMHU
yrilaMu BbLIETa B Auamna3oHe suepruii ~ 1 — 14 M»aB.

XO0pomio W3BECTHO, YTO W3MEPEHHE CIEKTPOB BTOPUYHBIX HEWTPOHOB B TIOTOKE OBICTPBIX
«TIEPBUYHBIX)» HEHUTPOHOB SBISETCS JOCTaTOYHO CIIOKHOW 3amadeldl, M HMMeeT psii crenupuIecKux
0COOEHHOCTEH, CBA3aHHBIX C KOJUTMMAIMEH MydKa HaIeTaIoINX HEHTPOHOB, 3HAYNTENTFHBIM (POHOM TraMMa-
W3JTy4eHHUs, MOHUTOPHPOBAHHEM MOTOKA MEPBHYHBIX HEHTPOHOB M T.. CaMU METOIBI PETHCTPALUH
pa3NMYHBl TPH PA3INYHBIX DHEPTUAX HEUTPOHOB. MeTOMWKH, TpeICTaBIeHHbIE B TaHHOW paboTe,
OCHOBaHBl Ha HCIOJNB30BAaHUU KBa3MMOHOXPOMAaTHYECKHX HEUTPOHOB, NPOM3BOJMMBIX HEUTPOHHBIM
reneparopom HI'-150 mo peakiuu T+d —> a+n ¢ notokom ~ 5 10° v/c B 4.

2. Bpemsanpoaernas meroquka (TOF meron)

OnvH U3 IMMPOKO HCHOJIB3YEMBIX METOJOB - 3TO M3MEPEHHs] YHEPTMH HEWTPOHOB IO BPEMEHH
nponera (time-of-flight —~-TOF - method) [2]. Dueprust yacTuibl onpeaensercs Mo BpeMeHH, KOTOPOE OHA
3aTpadyuBaeT Ha MPOJIET ONPEIETICHHOTO (PUKCHPOBAHHOI'O PACCTOSHUS.

Pacnionosxenue pazpabarpiBaemoii yctanoBku TOF Ha HelitponHOoM renepatope HI'-150 mokazano
Ha pucynke 1. Jlma opranmsamuu curaamoB «CTAPT-CTOII» mpemmonaraercsi HCIOIb30BaTh TEXHHUKY
MEYEHBIX HEUTPOHOB.

[IpuHIKT perucTpanyv U U3MEpPEHHs JHEPTeTUUYECKOTO CIEeKTPa BTOPUYHBIX HEUTPOHOB METOIOM
TOF 3akmirouaercst B cineaytomieM. [IoTok MOHOXpOMAaTHYeCKHX HEUTPOHOB N oT reHeparopa HI-150,
obpasyrommuiics B peakituu d+T—N+0 B HERTPOHHON MHIIEHH, Yepe3 KOJTMMATOP B BOISHOM Oake majaaeT
Ha uccreayeMblii oopasen (cM. puc.l). [Ipu B3aumozelcTBuM HajeTalomero HeWTpoHa ¢ SAPOM oOpasua
MOJKET UCITyCKAThCS OJINH UM HECKOJIBKO BTOPHYHBIX HEUTPOHOB N'. HelTpoH, BbuIeTeBIINN 11O YoM §'
K TpacKTOpPUM NEPBHYHOIO ITy4YKa HEWTPOHOB, PETUCTPUPYETCA CHUHTHWILALHNOHHBIM JETEKTOPOM.
[TockonbKy OJHOBPEMEHHO C TMEPBHYHBIM HEHTPOHOM M3 HEUTPOHHOW MHILNEHU NPHOIMU3ZUTENBHO B
[IPOTUBOIIOJIIO)KHOM ~ HAIIPAaBJICHUH HUCIyCKaercs aibda-4acTula, €€ PEerucTpanys CTPHUIIIOBBIM
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MOJTYTIPOBOIHUKOBBIM Si-IETEKTOPOM SIBJISETCS (DAaKTOM MEUEHHsI COOTBETCTBYIOIETO HeWTpoHa. [Ipu 3TOM
CUTHAJIBI JICTEKTUPOBAHUS B CLIMHTWLISITMOHHOM U alib()a- IeTeKTopax sBistoTcst otmeTkaMu «START» u
«STOP» mns TOF. [Tockonbky BpeMeHa mposera aib(a-4acTUIbl K AETEKTOPY U IEPBUYHOTO HEHTPOHA K
o0Opasily SBISIOTCS TIOCTOSHHBIMH, OCTaBIIEECS BpeMs TMpoJieTa BTOPUYHOTO HEWUTpOHA K
CIIMHTHJUIIIHOHHOMY JIETEKTOPY TO3BOJIECT ONPEACIUTh €r0 CKOPOCTh, TO €CTh dHeprur0. KoopauHaTs
MATHA MMyYKa HA HEWTPOHHOM MUIICHW W CTpHUMA (IETEKTOpa), B KOTOPOM PETUCTPUPYETCS O-YACTHIIA,
OTIPENIEIIFOT TPACKTOPHIO TIEPBUYHOTO HEHTpoHA. TakuM 00pa3oM, pacIioOXKEHUE CIMHTHILISITHOHHOTO
JIETEKTOpa JIAeT yroJI BhUIETa BTOPUYHOT'O HEUTPOHA.

CUMHTHILISATHOHHBII {
TETEKTOp

nT Boasnoii 6ak

Annda nerextop

T
>

S S
=
=
g
3

=
@

KOJTTHMATOP TENECKOT

Puc.1 Cxema pacnonoscernus TOF 6 3ane HI-150

CoBmecTHO ¢ 1aboparopueii pusnku Beicokux duepruit OUSIN (yOHa) U3roToBJIeHBI ClienUabHAs
BCTaBKa W (praHeIl isi MOHTaKa BCe CHUCTeMBI ¢ amb(da-merekropamu (puc. 2(a)), a TakKe TOKOBBHIC
NPEAYCHIIUTENH, MO3BOJISIONINE IOJyYUTh KOPOTKHE CHUTHAJIBI, W TPOBEpPEHa HX paboTOCIOCOOHOCTS.
BcraBka ycranoBieHa B moHONpoBoj nedToHHOro mydka HI'-150 (Puc. 1) Ha paccrostaum 367 MM ot
TPUTUEBBI  MuIIeHW. [IpoTecTHpoBaHBI  XapaKTEPUCTHKH  JETEKTOPOB M COOTBETCTBYIOIICH
CIEKTPOMETPUIECKOI aekTpoHukn. Ha pucynke 2(0) mpuBenmeH cIieKTp aimb(ha-4acTHI] OT MCTOYHHKA
226Ra, perucTpuUpyeMblii OJHUM W3 JeTeKTOpoB. TumudHoe sHepreTmueckoe paspeutenue [IIITB JE
coctaBmser ~ 40 x»B. Ha puc. 2(B) mpuBemeHa ocIupIiorpaMMa PErHCTPUPYEMOl anbga-dqacTUIlsl U3
peaknuu d+T—a+n.
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(a) (©)
Puc.2 Moumasicnas niama ¢ uz20moeieHHbIMU atbha-demexmopamu (a), cnekmp atvgha-uacmuy om o-ucmounuxa **°Ra
(6) u ocyurnoepamma arvgha wacmuy pecucmpupyemvix us peaxyuu d+T—a+n (s)

I
300

OneHuM 3arpy3Kd NOTOKOM alib(ha-4acTHLl KaKIO0T0 IETEKTOpa U pa3pelieH s 10 BpEMEeHH TPOJIeTa,
KOTOPOE MO3BOJISIET PEAIN30BATh TaKas CUCTEMA perucTparuu. Pasmepsl anbda-aerektopos 10x10 Mm%, u
IPH 3TOM TEJECHBIA YroJ, OXBaThIBAEMBIH KaXIbIM jeTekTopoM, paBeH dQ=7,4x10* crepamuan. Ilpu
THIHYHOM MOTOKe HeiitpoHoB ~ 10° ¢Y/4mw npu orcyrcrBum nuadparMupoBaHus B JETEKTOpPE OyIyT
peructpupoBarhes ~6x 10 anbda-gacTui B ceKyH Iy, 4TO MPUEMIIEMO [UISl PETUCTPUPYIOMIEH SJIEKTPOHMKH.
[Ipennonaraem, 4To TOJMIIMHA TUTAH-TPUTUEBOTO CJI051 HEUTPOH-00pasytomeit mumenn HI'-150 cocraBnsieT
2 MKM, DHEPTHUsS JEHTPOHOB, MAIAONIMX Ha HEWTpOH-oOpasyromyro TiT mumrens, cocraBiser 120 kaB.
Torna pazbpoc 1o BpeMeHaM TpoJieTa alb(a-4acTul] H3-3a pa3dpoca NoTepb UX YHEPrur B T1T — MUIICHA
cocraBisier At=2.5 Hc.

JleTeKTop BTOPHUYHBIX HEWTPOHOB BPEMSIPOJETHONW CHUCTEMBI MPEACTABISAET COOON OpraHMYecKui
ciuuHTHILIATOP (cTHILOEH pazmepamu 50 MM X 50 MM) ¢ POTORIIEKTPOHHBIM YMHOXHTeNeM Tuia GOV -30.
JleTexTop, OKpy>KEHHBII CBUHIIOBBIM YKPaHOM TONIMUHON 60 MM, YCTaHOBIIEH Ha CHIeNIHaIbHOU Im1aTdopme,
nepeMenIanIeiics BOKpYT o0pasia Ha peryaupyeMoM paccTosiaud (10 ~1.5 m). Cuuatmniarop u @2Y-30
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CMOHTHPOBAHbI BHYTPH KOHTEHHEpa W3 aJIOMUHMS TOJMIMHOW 1 MM Ul NpeqoTBpamIeHUs MOMaJaHus
cBera. Ha pucynke 3 moka3aHel cxemaTuueckuii Bua u ¢potorpadus cuuaTHuTopa 1 ©@OY-30 BHyTpH
KOHTeIHepa.

PeinnoBoe KoaLoo

gﬂ"IITII.'L1!ITIlp

PIV

s

Pemnnoroe
KOBIO

Kopunye

Puc.3 - Cxemamuueckuii 6uod (cnesa) u pomozepagus demexmopa (cmunvben+@IY)

B Hacrosimee BpeMsi OCHOBHBIE 3JIeKTpOHHBIE MOaynu coOpanbl (B ctanaapte NIM u KAMAK), a
CHEKTPOMETPHUUECKHE KaHAJIBl U PEXUM pa3fesieHusl N-y CUTHAJIOB OTJIXKUBAIOTCA B YCIOBUSIX OONBLINX
(oHOBBIX Harpy3ok. [IpenBapuTenbHbIE OIIGHKH MOKAa3ajH, YTO BPEMEHHOE Pa3pelieHre B Pealn3yeMOM
Bapuante TOF merona coctasmser ~ 2.5 H.

3. MeTon sijiep 0TAa4H ¢ perucTpanueii TeJIeCKONoOM MoJIyNpPOBOIHHKOBBIX Si-1eTeKTOPOB.

[IpyHUIMD perucTpanud M U3MEPEHHs SHEPTUM HEWTpPOHA METOJOM, MpeajaracMbiM Hamu [3],
COCTOMT B CcleAylouleM. BTopuuyHble HEHUTPOHBI, BBUIETAIOIIAE W3 MCCIEAYEMOM MUIIEHU IO
onpeaeneHHbIM yriioM ' (cM. puc.l) OTHOCHTENBHO MEPBUYHOTO KOJUTMMHPOBAHHOTO TOTOKa 14-M»sBHBIX
HEWTPOHOB, MaJAlOT HAa TOHKYIO IUIEHKY-KOHBEPTOP TOJIIMHOW Of, colepallylo aTOMbI Kakoro-mbo
n30TONa Bogopoaa. BreiOuBaeMble siapa oTAau 3TOTO0 M30TOMNA B JOCTATOYHO Y3KUI KOHYC YIJIOB BIIEpen
pPErucTpUpyIOTCSA Jajiee TEJIECKONOM TOJIYNpPOBOAHUKOBBIX AeTeKTOpoB. Ilpu 3TOM peructpupyemas
9HEPTus sIpa OTAAYM KMHEMaTHYECKH OJIHO3HAYHO CBSI3aHA C YHEPTrUei BTOPMYHOI0 HEUTPOHA.

Haubonee »¢dexTrBHO OBICTpBIE HEWTPOHBI B3aMMOJACHCTBYIOT € H30TONaMH Boaoponaa. B
YaCTHOCTH, CEYEHHS yNPYroro paccesHus Ha HuX npu E,=14 M»sB Becpma Benmmku: auddepeHnnarbabie
Ce4eHHus Uil BBUIETA sfpa OTJaud — IPOTOHA B HANpPABJICHWU MBM)KEHUS HaJETalolero HEHTpoHa,
do/dQp(0:26=0°) = op ~220 MO/cp, aeiirpona 64~660 M6/cp u TpuToHA 6r~1200 MO/Cp.

Ha pucynke 4 mpuBeneHa NpUHIUNMAIbHAs CXEMa HW3MEPEHMsI 3HEPTeTUYECKHX CHEKTPOB sep
OTJa4M TEJIECKONOM MOJIYIPOBOIHUKOBBIX Si jeTekTOpoB. KOUIMMUPOBAaHHBIH MOTOK OBICTPHIX KBa3M-
MOHO?HEPIeTUYECKUX HEUTPOHOB (Ng), TEHEpUPYEMbli B HEWTPOHHOM TeHEpaTope, NagaeT Ha
WCClIelyeMyl0 MHUIIeHb (CM. Takke puc. 1), U3 KOTOpOH BBIJIETAIOT BTOpHUYHBIE HeWTpoHsl (N'). Ock
TEJIECKOIA, COCTOSIIEIO U3 ABYX TOHKMX MPOJICTHBIX AE- IETEKTOPOB U E — JIeTeKTopa, HampasiseTcs: Ha
LEHTP HCCIeAyeMOi MUIIEHH W YCTaHaBIMBaeTCcid MOJ YoM 0 K OCH KOJUIMMaropa HEepBUYHBIX
HEUTpoHOB. OOBEM, B KOTOPOM PACIHOJIAraeTcsi TEJIECKON C KOHBEPTOPOM, 3AINUINEHHBIM CO CTOPOHBI
NajaloluX HEWTPOHOB TpauTOBBIM OSKPaHOM, BaKyyMupyercs. Bce nmeTekTopbl OOKIagbIBaOTCS
KOJIBLIEBBIMH AnadparMaMy U3 4UCTOro rpadura, KOTOpPhIE CIyKaT AJs 3aAaHus TpeOyeMoro yriioBoro
pasperuenus A0 (TenecHbli yrom A) peructpaunuu Teleckona) W yCTpaHeHHS (OHOBBIX 3apsHKEHHBIX
YacTHUI[ OT PeaKIni Mo IeiiCTBIEM HEMTPOHOB ONPaBKax JETEKTOPOB U B OKPYKAIOMINX KOHCTPYKTUBHBIX
3JIEMEHTaX.

TIpadumosaii AR,
sKpa

Hocnedyemas
MULIEHD

- Jaugumd

KL AR
MLULEHD

Juagpazisl, snpasupyiouue
UITVHERUE OM ONPASOK
demenmopos

Hefimpankail nyvox,
E~] 50 waB

Puc.4 Cxema uzmepenuti ¢ ucnonv3osanuem mpéxoemekmopHo20 meneckona
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Kak n3BecTHO, TOKYC mpencrasisieT coboi 00nacts, o ¢popme ONM3KYI0 K THIepOoe ¢ TONIIMHON,
ompenensieMoil B OCHOBHOM COOCTBEHHBIM paspemieHneM AE — petektopoB. HeoO0xoammocTsb
UCTI0JIb30BaHUs ABYX AE — NeTeKTOPOB, Kak OyIeT oKa3aHo HIKe, 00ycliaBnuBaeTcsa TeM (HaKkToM, 4TO IPU
UCTIONIb30BAaHUM OAHOTO AE JETeKTopa peaknuMd B €ro MaTephale Ha pa3HbIX TIiyOMHax OyayT
TeHEpUPOBATh CUTHANIbI PA3HOM aMIUIMTYAbI IIPU OAHOM U TOH )K€ IHEPruu 00pa30BaBIIMXCS U BBIJIETEBIINX
B CTOpOHY E-IeTeKTOopa OAMHAKOBBIX 3apsDKEHHBIX YacTHUIl, T.K. X TOTepH sHepruM B AE netextope OymyT
pazmuaabMH [4]. [Ipu 3TOM BMecTO chOpMUPOBAHHOTO JIOKYCA, COOTBETCTBYIOIIETO YaCTHIIAM 3TOTO COpPTa
B IByMEpHOI MaTpuue OyaeT ¢opMHpOBaTHCA Pa3MbITasi 00JacTh ¢ BEpXHEH IpaHULei, COOTBETCTBYIOLIEH
KJIJACCUYECKOMY» JIOKYCY W HIKHEW TpaHUIIEH, ONpenessieMOd NOporoM crekrpomerpa. Te ke
paccyXIeHHsl MOKHO NPOBECTH NPH (HOPMHUPOBAHUHU ABYMEpHOW AE1XE — MaTpuLbl peruCTpUPYEMBIX
COOBITHH B TPEXIETEKTOPOHOM TEJIECKOIIE, IO3TOMY LIEJIeCO00Pa3HO HCII0Ib30BaTh AE2XE — MaTpuILy.

Hanuune ¢oHOBBIX mnpomeccoB TpedyeT ONTHMAaIbHOIO MOAOOpa TOJNIIMH KpeMHHEBBIX AE
JIETEKTOPOB M COPTa HCHOJB3YEMBIX siAep oTAaud, 4ToObl 3hexTsl HanokeHUs: (HOHOBBIX COOBITHH Ha
JIOKYC MCHOJb3YEMOIo fipa OTAa4yd OblIM MUHHMMAJbHbl CyMMapHas TOJIIMHA BCEX TPEX AETEKTOPOB
JOJDKHA OBITH He MeHbLIe Ipo0era Hanbosiee YHEPreTHYECKOTo sApa OTAAYH AJIsl BHIOPaHHOTO KOHBEPTOPA.

Hmxe paccMOTpUM KOHKPETHBIM BapHaHT CTPYKTYPbl TPEXICTEKTOPHOIO TEJECKOIa, KOTOPBIN
SBJISIETCS] ONTHUMAIBHBIM JJIS1 UCIIOJIb30BAHUS KPEMHHUEBBIX AETEKTOPOB U IMPOMOJIEIUPYEM PACIOI0KEHHE
JIOKYCOB ¥ (DOHOBBIX 00JacTell Ha AByMepHOM AE-E — CIIeKTpe perucTpupyeMbIX MPOJAYKTOB pEaKuid pu
UCTIOJIb30BAHMM B KauyecTBE KOHBEPTOPOB MOJMITWIICHA, ACHTEPOINIONUITHIICHA W THUTAHOBOTO CJOS,
HACBHIIIIEHHOTO TPUTHEM.

Ha pucynke 5 mokazan Bug MoenbHON AE2XE MaTpHIIBl COOBITHIA, pETUCTPUPYEMBIX TEIECKOTIOM C
TOJIIIMHAMU TPOJCTHBIX NETCKTOPOB Warp1 = 25 MkM U Wag=60 MKM ¥ TOJIIMHON JETEKTOPA MOJHBIX
noreps dHeprun Wy=1.5 MM 1j11 KOHBEPTOPOB, coaepaiux Bee 3 uzoromna Bogopoaa (*H, 2D, °T) [3].
OtMernM, 4TO cyMMapHas 3(QQeKTHBHAS TOJIIMHA BCEX TpPEX JIETEKTOPOB JOJDKHA OBITh HE MEHBIIE
mpo0Oera caMoi JKeCTKOW PerHCTpUPYEMON YaCcTHIIBI — B JAHHOM clIy4dae IpOoTOHa ¢ 3Heprueit 14 MhB.

AEL, MeV
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Puc.5 Buo mooenvuoti AE2XE mampuyvl pesucmpupyemvix coOvimuil 015 KOH8epmopd, codepicaujezo 3 u3omonda
6000pooa (*H, ?D, 3T) npu ucnonvzoeanuu meneckona ¢ monwunamu nponemuwix oemeknopos Wagr = 25 mxm u Wag2=60 ymxm

[poToHHsIit OKyc (KpuBast 1, pUCYHOK 5), B KOTOPOM HaXOJISATCS COOBITHS PETUCTpAIMK POTOHA
OTJauy, NPH BbIIIEYKA3aHHON KOMIIOHOBKE TEJIECKOINa He OyJeT HakaIUIMBaThCS NP 3HAUEHHSAX MOTEPh
SHEpruu B E - TeTeKTope IHepIuH BhIlIe ~ 5 MaB (1moka3aH MyHKTHPOM), T.K. IPU 3TOM CHUTHAJI B IETEKTOPE
AE1l (mempme ~300 x3B) OymeT IUCKPUMUHUPOBATHCS HWKHUM TOPOTOM CIEKTPOMETPUIECKON
anekTponuku. B npuniune npu sHeprun E<~10.5 M3B B 3T0T JIoKyC naBaiiu Obl BKJIa] (JOHOBBIC COOBITHUS
ot peakimit 2°Si(n,p)?°Al u 28Si(n,p)?2Al B Mmatepuane AE1 — nerextopa. Takum 06pa3om, Takass KOMIOHOBKA
TeJeCKoNa MPH HUCIOJIb30BaHuU BogopoaHoro (*H) koHBepTopa He MO3BOJSIET WU3MEPATH JSHEPIUH
HEUTPOHOB.

HdelTpoHHblid JIOKYC (KpuBas 2, PUCYHOK 5), COOTBETCTBYIOIIMH JEWTpOHaM OTAa4YH MpU
WCIIOJIb30BAaHUH JICUTEPOTIOINITUIICHOBOTO KOHBEPTOpa, OyIeT UMeTh pazmep 1o ocu £ ot ~0.9 MsB no
11.6 MsB.

TputoHHBIH JOKyC (KpuBas 3, PHUCYHOK 5), COOTBETCTBYIOLIMI TPUTOHAM OTIa4d MpPH
UCIIOJIb30BaHUM TPUTHH-COAEPKAILET0 KOHBEPTOPa, OyJeT UMETh « pabodyro» obmacts mo ocu £ ot ~ 0.3
M5B 10 9.0 MaB.

Anpda-yacTHUHBINA JIOKyC (KpWBasg 7, PUCYHOK 5), COOTBETCTBYIOIIMN PErHCTpalH MPOIYKTOB
peakuuii (N,0) Ha U30TOMAX KPEMHHUS, HE co3/aeT (POHA B OJHO3APSIHBIX JOKycaX. OTMETHM, U4TO YHEPTHUs
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anb(a-yacTuIl, BOSHUKAIONINX B peakimu (N,00) Ha H30TOMax yrieposa U TUTaHa (TPH UCTIOIb30BaHUHU T Ti
MUILICHH B Ka4eCTBE KOHBEPTOPA) HEAOCTATOYHA AJISl pETUCTPALINH.

OpamxeBbIM IIBETOM JieBee 3HaueHns aOciuccel E£=7.1 MbdB mokazana ¢oHoOBas o006macTs
JIByMEPHOT'O CIIEKTPa, 3aloJiHAeMasi COOBITUSAMH BbUIETa Ha3aj npoToHoB u3 peakuuu 29Si(n,p)* Al B
Matepuane E-IeTeKkTopa TOJHBIX MOTeph, a jeBee E=6.2 MoB - u3 peakuun 2Si(n,p)?8Al. TTockonbky
cozeprkanue u3oTomna 2°Si B ecTeCTBEHHOM KPEMHHHU COCTABISIET Beero 4.7%, COOTBETCTBYIONIMIT HOH OymeT
Maj, 1 6ecpoHOBaAST 00JIACTE IS NEUTPOHOB OTHAYM (PAKTUIECKH JICKUT TpaBee £F=6.2 M»B BIIOTH 10
MaKCHMaJIbHOM, YTO COOTBETCTBYET OOJIACTM OSHEPrHil PEruCTPUPYEMBIX B OEC(OHOBBIX YCIOBHAX
HeliTpoHOB OT ~8.6 10 14.1 M»B. AHanornyHas oIieHKa MOKa3bIBAET, YTO MPHU MUCIOIH30BAaHUHM TPUTOHOB
otaauu obmacts OecOHOBOM perucTpali HEHTPOHOB JEKUT B mpenenax ~11.2 mo 14.1 MsB.

Takum o0pazom, Asi U3MEPEHHH CIEKTPOB BTOPUYHBIX OBICTPHIX HEHTPOHOB IENeco00pa3HO
UCIIOJIb30BaTh JACHTEPHEBBI KOHBEPTOP MPU HCIIOIb30BAHUM MOTOKOB D+T-HEHUTPOHOB HEUTPOHHOTrO
reHeparopa.

Hamu pa3zpaGotana u HacTpoeHa OJ04HAsl cXeMa CIIEKTPOMETpa AJsl TPEXICTEKTOPHOI0 TEJIECKoIa
(cM. pucyHOK 6). BO3MOXKHOCTh H3MEPEHHUS IHEPTETUIECKOTO CIIEKTPa HEUTPOHOB TAaKUM CIIOCOOOM ObLIa
MPOJIEMOHCTPHUPOBaHA C HCIIOJIB30BAaHMEM YacTH OJIOK-CXeMBI, obecneunBaromieii paboTy coOpaHHOTO
JIBYXJIETEKTOPHOTO TEJIECKOTA.
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Puc.6 - Bnox-cxema snekmporuxu 0s 3-x 0emexmopHo20 meieckona

Ha pucynke 7 Ha dparmenre skpana [1K mokazan nBymepHsbiid AE-E - criekTp 3apssKeHHBIX JacTHII,
peructpupyeMbix NBYyXAeTeKTopHbIM TeneckonoM (Wae = 50 mxm, We = 700 mkm). CripaBa moka3aHbl
COOTBETCTBYIOIIUE SHEPreTHUECKUE CHEKTPhI. [Ipu 00ay4eHnU MOTOKOM HeHWTpoHOB ¢ En = 14.1 M»3B B
KauecTBe KOHBEPTOPA HCIOB30BANIACh JeHTepO-TTOMUAITHIICHOBAs (obra Tomuaoi 20 MkM. BugHo, uTto
MUK JCHTPOHOB OTJaYd XOPOIIIO BBICIICH.

2 Deuteron spectrum

1 Proton spectrum

T T N

Puc.7 - Jleymepnvuii AE-E - cnexmp u sanepeemuueckuii cnekmp (8 npouseoabHbix eOUHUYAX) NPOMOHO8 U OelimpoHO8 Npu
001yueHUl 0etimepo-noaudImMuiIeHo80l (horbeu

B 3akmtouenue aBTopbl mpuHOCAT OnarogapHocts npod. A.A. banmuny (OUAN) 3a usrorosnenne
y3/1a perucTpanuu aiab(a-4acTHll C OBICTPHIMH TOKOBBIMU MPEAYCHJIMTEIAMU M 32 II0JIC3HBIE
KOHCyJbTanuu, a Takxke npod. C.A. Pampkanoy (OTU AH PY3) 3a npegocrasnenue AE u E — 1eTeKTOpoB
JUISL CACTEMBI PETHCTPALMU SIIEp OTOAYN.

Jlutepatypa
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HECTABWJIBHBIE COCTOSIHUSA B INCCOUUAINU PEJIATUBUCTCKUX SIIEP
I1. Bapyoun® u A. 3aiines’

L06veounenmoii uncmumym adepmwix uccnedosanuil,
Iy6na, Poccus

AHHOTALMS

Ipedcmasnensvt pesynomamol no udenmugpuxayuu necmabunbnoix a0ep °Be u °B u cocmosmus Xoina (HS) 6
pensmugucmcxoti ouccoyuayuu usomonos °Be, B, 1°C, 1C, 2C u %0 & sdepnoii amynvcuu (A13). Ocroenoii
Momusayuell UcC1e008aHUsL SIGNAEMCS NePCREKMUBA UCTIONb30BAHUSL IMUX COCHOSHUL 8 NOUCKe DOJlee CTLONHCHBIX
HecmadunbHbIX COCMOsIHUL, pacnadaiowuxcst ¢ ux yuacmuem. Ilpeocmasnenvt 603moncnocmu memooa A3 ons
UCCNeO08aHUsL 6KNAOA MHONCECMBEHHbIX ancambnen necuatwux sdep He u He 6o ¢pacmenmayuro
pensmueucmcekux aoep. Ipodemoncmpuposano, uno 0na udenmuuxayuu persmusucmckux pacnados °Be u °B u
HS 6 40 docmamounvim asrsemes onpedenenie UH8APUAHMHOU MACCHl KAK YHKYUU YeN08 8 napax u mpouKax
@paemenmos He u H 6 npubnusicenuu coxpanenus umnynoca Ha HyKIOH pooumensckoeo aopa. Ommeuaemcs
obpasosanue HS 6 duccoyuayuu 0 — 4a. Coanacro kpumepusam, yCmano61eHHbIM MAKUM 06pA30M, OYeHeH 6K1a0
HeCcmabunbHbIX 50ep 6 PenSmusucmckyio gpazmenmayuio soep *Si.

KioueBble ci10Ba: pensiTUBUCTCKAs TUCCOLMALINS sITCP, SACPHAs SMYJbCUS, HECTAOMIIBHBIC COCTOSHUSL,
WHBapHaHTHasl Macca

1. Beenenue

I'enepanus ancaMOJIei, COCTOSIINX W3 HECKONbKHX siaep He m H Bo3mokHa B mepudeprudaeckoit
JIMCCOIMAIINH PEISITUBUCTCKUX siaep. [loTeHIuanbHo, yriryOJeHHOE W3YYeHUE UX OCOOCHHOCTEH MOXKET
MPOJIUTh CBET Ha aKTyalbHBIE BOMPOCH sIEepHON (DM3WKH HECKONBKHX Tel. B Qokyce Teopermuecknx
pa3paboTOK HaXOIWTHCS BO3MOXKHOCTH CYIIECTBOBAHUS COCTOSHWH, OOJIAAAarOIINX BBIPAKEHHON 0-
KOH/ICHCAaTHOM M SAJIEpPHO-MOJIEKYJIAPHOW CTPYKTypoil. B cBOrO ouepear HaxXOJIKH COOTBETCTBYIOIIMX
71a00PaTOPHBIX IMOMCKOB MOTJIH ObI OBITh MPHUBJICYCHBI IS Pa3BUTHS MHOTOTENHHBIX CIIEHAPHEB SIePHON
acTpoU3UKH.

Byayun ruOkuM M HEZOPOTHM, METOJ SAepHOW 3MYyJIbcuu SO OTBe4aeT Ha COOTBETCTBYIOIIHE
SKCIIEPUMEHTAIILHBIC BBI30BHI, 10 KpaifHel Mepe Ha dTare NoucKoB. B ciosx 19, mpogoabHO 00Ty4eHHBIX
PENATUBUCTCKUMH SAPaMH, cliefbl (hparMeHTOB MOTYT HaOIIOAATHCSA C MCUEPIBIBAOIIEH MTOHOTOMH, a MX
HANPAaBJICHHUS OMPEICIIATHECA C HAWIYUYIINM pasperieHueM. OnpenencHre WHBAPUAHTHOW MAacChl TPYIIT
PENATUBUCTCKUX (PparMEeHTOB B NPHUOIIDKEHHH COXPAaHEHHWS CKOPOCTH HAYaJIBHOTO Sipa IT03BOJISIET
CIPOEIHMPOBATh YIiOBbIE KOppEsiyu (parMEeHTOB Ha dHEpreTHYecKuil MaciTabd saepHoit Gusuku. Tem
CaMbIM, BO3HHMKACT HOBasgd W BMECTC C TEM HariaHAasA BO3MOXHOCTH OSKCIICPUMCHTAJIBLHOI'O H3Yy4YCHUA
aHcaMOJIel JIeTYalInX siAep cpasy HaJ MOpPOTroM CBS3M. BO3MOKHO Kak WCIOJB30BaHUE PE3yJbTATOB,
MoJiy4a€MbIX B paMKax METOJa }?[9, npu IUIaHUPOBAaHHUKU SKCIICPUMCHTOB BBICOKOH CJIOKHOCTH U
pa3HOOOpa3reM caMbIX COBPEMEHHBIX NETEKTOPOB, TaK M MIMPOKOMACIITaOHOE NMPHUMEHEHHE CaMOoro
METO/Ia Ha OCHOBE JOCTM)KEHUN KOMIIBIOTEPU30BAHHOW MUKPOCKOIIHH.

C navana 2000-x rr. meton A3 mpumensuica B sxkcriepumentre BEKKEPEJIb Ha nyknotpone OMAU
JUTST M3YYCHHSI COCTaBa JIETKUX (PparMEHTAIlMM HECKOJBKUX CTAOWIBHBIX M panuoakTuBHBIX saep (P.l.
Zarubin, 2013; D.A. Artemenkov, A. A. Zaitsev, P. |. Zarubin, 2017; D.A. Artemenkov, V. Bradnova et al.,
2017). U3BectHble M paHee He HabmogaBinMecs ocoOeHHocTH u3oTomos "°Be, 81011B 101C 1214N
BEISIBIIIHCH B BEPOSTHOCTSIX KaHAJIOB HX Jqucconmanyu B 10, Hanbonee nepudepnueckre B3anMoaeicTBUS,
MMEHYEMbIC KOTCPEHTHON JAUCCONHAIUeH Wi “OenbpIMu’ 3BE3/IJaMH, HE COIMPOBOXKIAI0OTCS (hparMeHTanuein
A1ep MUIIEHH U pOXIeHHeM Me30H0B. B mucconmanun °B, 1°C u 1'C upeHTHdUIMpOBaHBI PENATHBUCTCKUE
pacnansl °B — 8Be + p. [To-BuauMoMy, OTCYTCTBUE Y spa °B cTaOMILHOTO COCTOSIHHS HE HPENSATCTBYET
€ro IMPHUCYTCTBUIO B CTPYKType 3TUX saep. Bo ¢pparmenranun ‘Be naentuduuuposansl pacnags: °Be — o
+ 2p. Bmecre ¢ Tem, curnan °Be B nucconuanuu °C BeisiBieH He ObUL. B TakoMm KOHTeKCTE nainee OyeT 1aH
KpaTKuil 0030p NpuMeHEHUI0 51D B OTHOMIEHHU HecTabUIbHBIX saep 8Be u °B u noucky 6oee TSKebIX
COCTOSIHUH, CBSI3aHHBIX C HUMH.

2. O HecTa0OWIBHBIX SIAPAX M COCTOSIHUAX

Wnentudukanus pensTHBUCTCKUX pactanoB °Be u °B B 1D ykasama Ha BO3MOXKHOCTH
UACHTU(DUKAIMN HECTAOWILHOTO COCTOSHHMSI TPOWKH 0-4aCTHI], IMEHyeMOro cocrosinueMm Xoima (HS) B
penstuBuctckoi auccommanun >C — 3a (D.A. Artemenkov et al., 2018) u 3arem %0 — 4a (D.A.
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Artemenkov et al., 2020). Pemenue 3To#t 3a1a4n MO3BOJISIET HCIOJIB30BaTh HS Kak « AHCTPYMEHT)» TOHMCKa
9K30THYECKHX KOMIIOHEHT B SACPHON CTPYKTYpE M CIOKHBIX HECTAOUIBHBIX COCTOSIHUH, pacragatolixcst
C €ro yJacTueM. 3acIyKUBaeT U3y4YeHUs] BO3MOXHOCTh H3BJIeUeHHs HH(popMarmu o pazmepe HS Ha ocHOBe
pacipenesneHni 1Mo MOJHOMY MOMEPEYHOMY HMITYJIbCY O-TPOEK.

HS sBnsercs BTopsIM (M EPBHIM 0-HECBA3aHHBIM) Bo30yxaenuem 0%, aapa *2C (F. Ajzenberg-Selove,
1988). Cunres ?C Bo3MOXKeEH Yepe3 1Ba HECTAOMIBHBIX cocTostHus 30 — 0éBe — 2C(0%; i HS) — 2C.
B 3oa-npomecce HS mposieiisieT celst kak HECTaOMIBLHOE AP0, IIYCTh HEOOBIYHOH SIIEPHO-MOJICKYJIIPHOR
crpykrypbl. Snpo ®Be sBisiercst HenmpemenHbiM mpoayktom pactana HS u °B. Dueprus pacmana °Be
cocrasister 91.8 koB, a mmpuna 5.57 = 0.25 3B (F. Ajzenberg-Selove, 1988). O6ocobaennocts HS cpenu
BO30Y K 1eHuii *2C, npeeibHO Mallble 3HaueHUs YHEPTUU Hal 30-1oporoM (378 k9B) v mMpuHBI pacnaia
(9.3 £ 0.9 5B) yKka3sIBaIOT Ha €0 CXOACTBO ¢ AnpoM ®Be. OcnoBHOE cocrosnue sapa °B Beiue nopora 8Be
+ p Ha 185.1 k3B, a ero mmpuna 0.54 + 0.21 kB (F. Ajzenberg-Selove, 1988). 3naunmoctp HS He
OrpPaHUYUBAETCS POJIBIO BO30YxaeHus siapa 2C. BHe 3aBUCHMMOCTH OT CTPYKTYPHBIX ocoOeHHOcTel HS
NPOSBJIAETCS B AIEPHBIX PEAKIUAX KaK YHUBEPCATbHBIN 00beKT mono0HsIii 8Be u °B (M. Barbui et al., 2018;
R. Charity et al., 2019; J. Bishop et al., 2019). Cornacuo mmpunam, Be, °B u HS moryr sBasThCs
MOJTHOIICHHBIMHU YYACTHUKAMHU B PENATHBUCTCKOM (parMeHTarin. [IpoyKThl UX pacnaaa o0pa3yroTcs mpu
npoberax or HeckoibKux Thicsd (8Be m HS) 10 Heckonbkux necsatkoB (°B) aToOMHBIX pasMepoB, T. €. 3a
BpeMsi Ha MHOTO TIOPSJKOB OoJbliee, YeM BpeMs BO3HHKHOBEHHWsS JIpyrux (parMeHTOB. BceiencTBue
HauMeHblIei sHepruu pacnazaa °Be, °B u HS 10/mKHbI MPOSBISTHCS KaK Maphl U TPOUKH PENATUBUCTCKUX
¢bparmenroB He m H ¢ HauMmeHbIIMMH yTIIaMHA PacKpBITHS, 9TO MX HAa (OHE IPYIHX IMPOAYKTOB
(parmMeHTaINN.

8Be u HS paccmarpuBaioTcss Kak TNPOCTEHNIME COCTOSHHMS (-4aCTUYHOTO KOHjEHcaTa bBosze-
Oinuamreiina (Yamada and P. Schuck, 2004; A. Tohsaki, H. Horiuchi, P. Schuck and G. Répke, 2017). Kax
4a-xoHJEHCAT paccMaTpuBaeTcs 6-e Bo30yxaenHoe cocrosiuue 0% spa 0 mpu 15.1 MaB (unu 660 k3B
Hax 4a-noporom). Ero a-pacnan Mor 6b1 uaru B nocnenosarensrocta 120(0%) — 2C(0*,) — 2Be(0%) —
20w ke °0(0%) — 28Be(0*) — 4a. HeckobKO JPYrUX M30TOMOB UMEIOT BO30YKIEHHBIE COCTOSHUS C
NIMPUHAMHE TIOPSIIKA HECKOJIBKUX 3B MM BpeMeHaMH jKU3HU HECKOJBKO ()eMTOCEKYH/ HE BBIIIIE TPHUMEPHO
1 M5B Haj moporaMu pas/elieHHs 0-4acTHIIBI M CTadMIpHOTO ocTaTka Tsvkenee He (F. Ajzenberg-Selove,
1988). Ilpu oOpa3oBaHum BO (parMEHTAITMH TaKUX COCTOSHHHN MPOMYKTHI pacmaaa TakXke OymyT UMETh
MUHHAMAaJIbHBIE YTJIbl packpbiTusi. OHU OyAyT naxe Ooliee yIOOHBIM MPEIMETOM HCCIEIOBaHUM, YeM op-
COCTOSHHSAMH. B 5TOH CBSA3M 3aIUIaHUPOBaH aHaIu3 3epKanbHbX Kananos *C(1'B) — 'Be("Li) + a. Mmeercs
S s mogo6HOro ananu3a mo supam °B, 10, 22Ne, 24Mg, 2Si.

3. PeisTuBHCTCKHE pacniaabl °Be

VuuBepcanbHas uaeHtudukamnus °Be no uHBapuaHTHON Macce 20-map — nepBblil “Kiou” K mpobiieme
HEeCTaOWJIBHBIX SIAEPHBIX COCTOSHUH. HBapuaHTHas Macca CHUCTEMBl PEIITUBUCTCKUX (DPparMeHToB
ONpeIeNAETCS KaK CyMMa BCEX NMPOM3BEIeHUM 4-umityiibeoB Pix dparmentos M™2 = 3 (Pi-Py). Boiuuranue
Macchl HAYaJbHOTO sJpa WM CyMMbl Macc (parmentoB Q = M" - M sBisieTcss BompocoM yno0cTBa
npezacrasieHust. KommoneHTs! Pix onpenenstorcs: B NpuOIKeHHH cOXpaHeHus pparMeHTaMH Ha4aIbHOTO
HUMITYJIbCA HA HYKJIOH.

Jo cux mop mNoJHOE AETEKTHPOBAaHWE aHcaMmOned JerdaillinX pEeISTUBHUCTCKUX (ParMeHTOB
MIPOJIEMOHCTPUPOBAHO TOJBKO B MeToze S1D. OnHako, OH He oOecledrnBaeT UMITYJIbCHOTO aHalu3a. JTo
OTpaHUYEHHE MOXXET KOMIIEHCHPOBATHCS MPUBJICYCHUEM CBEIEHHH O (parMeHTalH PEeISTUBUCTCKUX
s1ep, MONYYCHHBIX Ha OCHOBE MAarHHTHBIX CIIEKTPOMETPOB. B KOHTEKCTE 3TOMH CTaTbu CTOUT OTMETHUTh
JIOCTYITHOCTb IaHHBIX 110 3KCK/IIO3MBHOMY HU3y4€HHIO ()parMEeHTaluy PEITUBUCTCKUX AEp KUCIOPOaa Ha
MPOTOHAX, TOJyYeHHBIE C MOMOIIBI0 BOJOPOJHOHN My3bIppKOBOH Kamepsl OWAM, momemaBueiics B
maruutoe Toie (V.V. Glagolev et al., 2001).

Pacnipenenenue mo Qa, mpeacraBieno Ha puc. 1 s KorepeHtHo quccormanuu ?C — 3o u 0 —
40, ipu >Heprum 3.65 A I'3B. B cinyuae 2C ucnons30BaHbl M3MEPEHHS MONSAPHBIX M a3UMYTalbHBIX YIIIOB
a-gactuil B 316 “6enbix” 383, BoinonHeHHbIe B 90-¢ rr rpymmnamu I'. M. Uepnosa (Tamkent) (V.V. Belaga
et al., 1995) u A. III. TaiitnHoBa (AnmMa-Ata) U ponojHeHHbIe HenaBHO rpynnamu ®UAH u OUAU. B
ciydae %0 gocrynnbl cxoxue nannsie misa 641 “Genoi” 3ee3nsl (N.P. Andreeva et al.). Jlnst stux coObITit
puc. 1 npejcTaBieHbI pacipeaeieHUs HHBapUaHTHON Macce B o0mactu Q2 < 10 MaB Bcex koMOuHanui
20-map N2, HOpMHPOBaHHBIE Ha COOTBETCTBYIOIIee dncio “Oembrx” 3Be3q Nws. Ha BcraBke puc. 1 3t
JTAHHBIC TPUBEICHBI B 00sacTu Q2. < 0.5 M»aB.
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Puc. 1. Pacnpedenenue uucna 2a-nap Naq no uneapuanmnoii macce Q. 6 kozepenmuoii ouccoyuayuu >C — 3o (cnnownas)

u 10 — 4a (nynxmup) npu 3.65 A I'>B; na écmaske ysenuuennas wacmo Qzq < 1 MaB (waz 40 k3B),; 2ucmozpammpl HOpMUpOEar vt
Ha yucna “Oenvix” 36e30 Nus.

Bxirouenre uMnyabcoB Juis omnpeaeneHus Qiq MMeno Obl CMBICH MPH TOYHOCTH WX HU3MEPEHHIMA
HOpPSIAKA JECATHIX MPOLIEHTA IIPH COXPAHEHHH TOTO XK€ YIIIOBOrO paspelienus. J(eHCTBUTENBLHO, COTIaCHO
JIaHHBIM BOJIOPOJHON My3bIPHKOBOM Kamephbl MMeeTcs ik °Be B pacnpenenenun mo yriy pasiera (V.V.
Glagolev etal., 2001), a, 3HaunT, u B Q. Bimtouenwe B Berunciaenne Qzq MMITYJILCOB, TOYHOCTH H3MEPEHHS
KOTOpBIX orleHuBaercs B 1.5% Ha mmune 40 CM KHAKOTO BOJOpPOJA, BEAET K «PACCHIMAHHIO» ITHKA.
HeCOMHeHHO, qTo HpI/IMeHeHI/Ie I/IMHyHBCHOFO aHaJIn3a BCACT U K JIOHOJIHI/ITGHBHOMY yXy,Z[HIeHI/IIO nu

YTIIOBOT'O pa3peieHns. DTOT BBIBOJ] CTOUT YYUTHIBATH P IUTAHUPOBAHUY DIIEKTPOHHBIX BEPCHI MOT0OHBIX
HUCCIIEJOBaHUH.

3. PesruBuctckue pacnaani °B

Crenyromuii “kio4d” B M3y4eHUH HECTAOUIBHBIX COCTOsIHKM — sapo °B. TIpu u3y4eHnn KOrepeHTHOM
nucconnanuu usorona °C npu suepruu 1.2 A DB kaman mucconmanuu 2He + 2H mpossuiics kak
muaupyromuid (P.1. Zarubin, 2013). Crarucruka derBepok 2He + 2H B Hem cocraBmia 186 wmm 82%
HabOmomaBmmmxcst  “Oenprx” 3Be3n. Pacmpenenenme 1o WHBapuaHTHOH Macce 2ap-Tpoek  Qogp,
NpeCTaBIeHHOE Ha pHC. 2, yKas3biBaeT Ha umcio pacnanoB N(°B) = 54, ymoBIETBOPAIOMINX YCIOBHIO
Q24p(°B) < 0.5 M>B, uto cocrasiser 30 + 4% cobOwiTuii 2He + 2H. Bo Beex aTux 20p-Tpoiikax M TOJIBKO B
HEX coryacHo ycioBuio Q2(®Be) < 0.2 MbsB uaentuduuupoBanbl Takxke pacmanbl °Be. D1or daxrt
yKa3bIBaeT Ha JOMUHUPOBaHHUE nocaenosarenbHoctu °B — 8Be + p n 8Be — 20. O6unbHOE 00pa3oBaHue

syep °B B aucconmanuu °C ykaspiBaeT Ha €ro BaKHYIO POJib B Ka4eCTBE CTPYKTYPHOU OCHOBBI 3TOIO
H30TOIIA.

20F

Ny, / 0.1 MeV

10F

0 02 04 06 08 |
0, ,MeV

=Zap

Puc. 2. Pacnpedenenue uucna 2op-mpoex Naop no uneapuanmnoii macce Quap (< 1 M2B) 6 cobvimusx xocepenmHol
ouccoyuayuu °C — 2He2H (cnaowmnas) u ouccoyuayuu **C — 2He2H (mouxu) u *°B — 2HeH (nynxmup).

4. Pe1aTUBHCTCKHE Pacnaabl COCTOSIHUSI XO0Haa
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Hcnonb3ys yriosble namepenus “6enbix” 38e31 22C — 30 u %0 — 4a, MeTo1 MHBApHMAHTHON Macchl
HECJIO)KHO PaClpOCTPaHUTh Ha WICHTU(UKALMUIO PENSTHBUCTCKHX pAaclaloB COCTOsHUs Xoima. B
nocieaHeM ciaydae pacnaasl HS moryr mpossuthes B aucconmanuu 0 — 2C" (— 3a) + a. O6a
pacripeniefieHus 0 WHBapUaHTHOH Macce 3a-Tpoek Qs,, TpeACTaBICHHBIE HA PHUC. 3, NEMOHCTPHUPYIOT
cxozacTBO. X 0CHOBHEIE yacTH, B o6nactu Qz, < 10 MaB, oxBaThIBaroIIEl 0-9aCTHYHBIX BO30YkaeHus 2C
710 TIOpOra OTAENEHU HYKIOHOB, OIIMCHLIBAIOTCS pacipeeneHueM Pajies ¢ mapamerpamu 6qszq(t°C) = 3.9 +
0.4 MoB 1 603,(**0) = 3.8 £ 0.2 MaB.

z h
P [i =
ol "I[II [l =
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" z
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Puc. 3. Pacnpedenenue uucna 3a-mpoex Naq no uneapuanmuoi macce Qs 6 316 “6envix” 36e30 >C — 3a (cnnowmnas) u
641 “6enoti” 36e30e Y0 — 4a (nynxkmup) npu 3.65 A I'B; na ecmasxe yeenuuennwiii yacmo Qsq < 2 Md>B nopmuposannas na
yucna “0envix” 36e30 Nus.

B o0oux ciydasx HaOIIIOJAIOTCS MHUKK pacnpenencHuid B odnactu Qs < 0.7 MaB, the oxunaercs

curnan HS. CTatucTuka B mukax 3a BeraeToM dona cocrapmia Nus(12C) = 37 co cpenaum 3uauerneM{Qs,

>(RMS) =417 = 27 (165) k3B and Nys (1°0) = 139 ¢{Qa.) (RMS) =349 + 14(174) x>B. Ha 310if ocHOBe

BKyaJ] pacniaga HS B korepenTHyro aucconunanmio ?C — 3o cocrapiuser 11 + 3%, a ciaygae 0 — 4a - 22
+ 2%. YBenuuenue 3o-komOuHanuii B *0 — 4o MpUBOAUT K 3aMETHOMY POCTY BKjaga pacranoB HS.
Bmecte ¢ Tem, oTHomieHHMe BBIXOJOB ¢Be u HS nposBiser NpuOIM3UTENLHOE IMOCTOSHCTBO
Nhs(*?C)/Ngge(*?C) = 0.26 £ 0.06 1 Nns(*80)/Nsge(*¢0) = 0.35 £ 0.04.

5. ITouck HecTaOMJIbHBIX COCTOSTHUI BO pparMeHTanuu sixep Si

Jloctynubl ganneie cotpyanndectsa EMU no 1093 B3aumonetictusam  suaep 2Si npu 14.6 4 IHB
(M.I. Adamovich et al., 1995), conepsxanmm n3MepeHus YIioB HCITyCKaHHs PEISITHBUCTCKUX (parMeHTOB.
Torma mouck coOBITHI BEJICA IO IEPBUYHBIM clieaM 0e3 BEIOOPKH. UncI0 COOBITHIT C MHOKECTBEHHOCTHIO
pemaTuBucTCKUX o-9acTuil N > 2 cocraBmio 118. HemaBHO BO30OHOBIIEH MMOUCK COOBITHI B3aMMOICHCTBUN
Ny > 2 ckaHMpOBaHUEM T10 TIOJIOCaM TIOTIEPEK HalpaBJIeHUs BXO/a MEPBUYHBIX ClIeNOB. M3MepeHus yrioB
orpannuuBarTcs KonycoM 20, TeM caMbIM paJvKalbHO YCKOPEH aHaJI|3 B MHTEPECYIONIEN 00JaCTH MaJIbIX
MHBapUaHTHBIX Macc. B cpaBHUTEIBHO KOPOTKOE BpeMs K cratucTuke Si mobasneno 133 cobbituit N, > 2.
Pacnipenenenust mo nHBapuaHTHBIM MaccaM Qzq, Qoap, Q34 1 Qaq B 0OJIACTAX MAITBIX 3HAYCHUI, TIOTyUCHHBIC
Ha OCHOBE 3THX JIaHHBIX, [IPEICTaBJICHBI Ha pUC. 4.

CornacHoO ONMCaHHBIM BBIILE KpUTEPHAM 110 HuM onpeneneHsl uncna ®Be (Nsge), °B (Nog) 1 HS (Nus).
Jlnst B3aumoneiicTBui saep Si HaitneHo Nege = 52; Nog = 8 ¢ <Q24p> (RMS) = 246 £ 30 (99) x3B; Nus=9 ¢
<Q3,> (RMS) = 405 £ 53 (160) k3B 1pu No = 3(3), 4(3), 5(2) u 6(1). NHs/Ngge = 0.17 = 0.04 mpu Ny, > 2.
4a-xBapTeTsl OTCYTCTBYIOT 10 Q4 < 2.5 MbdB. MoxHO 3akimiounTbh, 4TO B 00OHMX cCiydasx
uaeHTUGUIUpoBanbl pacnaasl SBe u °B u nosnyueno ykazanue Ha obpazosanure HS.
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Puc. 4. Pacnpedenenus eécex xombunayuti 2a, 20p, 30 u 40 uz cobvimuii gpaemenmayuu aoep *2Si npu 14.6 A I'>B no
uneapuarnmuwvim maccam Qaa (), Qzap (0), Q34 (C) u Quu (d) 6 0OraCMsX UX ManLIX 3HAUEHUTI NO OanHbIM O3 GbIOOPKU (MOUKY) U
HeOasHUM U3MEPEHUAM NPU YCKOPEHHOM Noucke (006asneHo, CHIOWHAS TUHUS).

6. 3aka0ouenue

COXpaHI/IBIlII/IeCSI U HCIABHO IIOJYYCHHBIC NAHHBIC I10 BSaHMOJlefICTBHSIM JICTKUX PEIIATUBUCTCKUX
A7Iep B SANEPHON SMYJIBLCUH TIO3BOJIMIIN YCTAHOBUTH BKJIAJ B MX JMCCOLMALIMIO HECTAOMIBHBIX siaep °Be u
9B u cocrosiHus X0ia, a TaKKe OLEHUTh MIEPCICKTUBEI TTOT00HBIX UCCIICIOBAHUN B OTHOIIICHUN CPETHIX
U TSOKENBIX siiep. OTH TPH COCTOSHHS €IMHOOOPa3HO WACHTH(UIUPYIOTCS [0 WHBAPHAHTHBIM Maccam,
KOTOpBIE BBIYMCISIETCS TI0 W3MEPEHHBIM YIJlaM WCIycKaHus (parMeHToB He m H B mpeamnonoxeHuu
COXpaHEHUsI UMILYJIbCa Ha HYKJIOH NEPBUYHOTO SIpa.

Ot6op ®Be B muccoumanuu usoronos °Be, B, °C u 'C ompenmensercs orpaHuueHUEM Ha
BBIUKMCIIEHHOE 3HAYE€HHME WHBApMaHTHOM Maccel 2a-map g0 0.2 MbsB, a °B 2op-tpoek mo 0.5 MbsB.
Onpenenenrocts B unentudukanun °Be u °B crana ocHoBaHMeM Iisi MOWCKA PACIajoB U3 COCTOSHUSA
Xoiina B mucconmanun °C — 3a. B mocnennem ciydae GbLIO yCTAHOBIEHO OTPAHUYEHME MHBAPHAHTHOM
Macchl 3o-Tpoek 0 0.7 MaB. BeiOop 3THX Tpex yclIoBHH Kak “OTcedek CBepXy JOCTATOYEH, MOCKOJIBKY
3HAUEHUsI SHEPTUM Paclaja 3TUX TPEX COCTOSHHUM 3aMETHO MEHbINE OMMDKalIINX BO30YXKIECHUN C TEM XKe
HYKJIOHHBIM COCTaBOM, a OTpaKeHHE 00Jiee CII0KHBIX BO30YKICHUN HEBEIUKO JUIS ATHX SIep.

Bynyun anpoOupoBaH Npu M3y4eHHH JIETKHUX SIEp, MOJOOHBIN 0TOOp MPUMEHHM K JHCCOIHAIINU
Oosee TSDKENBIX Aaep Ui ToUCcKa 0ojiee CI0XKHbBIX COCTOSIHUI. B cBOIO 0uepenp npogyKTaMu 0-4aCTUYHOTO
WK POTOHHOTO Pacrajia dTUX COCTOSHUH MOIJIH Obl CIyXUTh cocTosiuue Xoina unu °B, u, 3atem, 8Be.
Bo3MoykeH BapuaHT pacraga ¢ BOZHUKHOBEHHEM 0oJiee OJJHOTO COCTOSIHUS W3 3TOM Tpoiku. HavanpHbIM
9TalloM TIOMCKOB B JIIOOOM cCllydae JIOJDKEH CIY)KHTh OTOOp COOBITHI, COAEpKaIlUX PEeNSITUBHCTCKUE
pacmazsl éBe.

Crout HaziesAThCA, UYTO OBICTPHIN MPOTPEcc aHaNM3a U300paKEHHUH MMO3BOJUT MPUAATH COBEPILICHHO
HOBBIM pa3Max MCIOJIb30BaHUIO MeToAa 1D Ipu MCCIEeNOBaHUM ANEPHON CTPYKTYPHI B PEIATUBUCTCKOM
noaxone. PemeHue mocTaBieHHBIX 3a1ad TpeOyeT MHBECTHLUN B COBPEMEHHBIC aBTOMATH3HPOBAaHHBIC
MHUKPOCKOIIBI ¥ BOCCO3/IaHHE Ha COBPEMEHHOM ypOBHE TexHosoruu 513. Bmecrte ¢ Tem, Takoe pa3BuTHE
Oynet 6a3upoBaThCs Ha KIACCHUECKOM MeToie 513, OCHOBBI KOTOPOTO OBUIN 3AJI0KEHBI CEMb JIECATUIIETHH
TOMY Ha3aJl B QU3UKE KOCMHUYECKHX JTydeH.
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[POrHO3 IPUPOHBIX KATACTPO®-3EMJIETPSICEHUIA, METOIOM KOHTPOJIs1
BAPUALIMM MHTEHCUBHOCTH MNOTOKOB HENTPOHOB W 3APSIKEHHBIX
YACTHI]

B.C. IOnnames!, P.A. Mymunos?, A.Y. Makcynos?, H. Ymapaaues®, M.A. /lxanuiaos®

AHHOTALUA

B cmamwe paccmompen memoo KpamxocpouHo20 RPOSHOZUPOGAHUSL 3EMACMPSCEHUl, OCHOBAHMBIL HA
peaucmpayuu pe3ko20 U3MeHeHUs UHMEHCUGHOCIU NOMOKO8 HelMPOHO8 U 3aPANCEHHBIX YACMUY HA 3eMHOU
nosepxnocmu.  Ilo  noayyewnviM ¢ YCMAHOGKU — OAHHBIM — MOJCHO — ONpedelumsv — HAnpaeieHue
MECMOPACNONOICEHUSL INUYEHMPA, YOAPHYIO CULY U BPEMSsL HACHYNIEHUs. 3eMILeMPSCEHUst 8 NPedelax OouuoKu
6 5% 00 npoucxodcoenus cobvimus.

KaoueBble cjioBa: pacraji, WHTEHCUBHOCTb, SICPHBIC B3aUMOJICHCTBHS, CEHCMHUYEUKas aKTUBHOCTB,
BapHaIus, 3apsHKCHHBIC YaCTHIIbI, HCUTPOHHBIHN MOTOK, MPOTHO3.

BBenenune. B Hacrosiee BpeMsi MPOTHO3MPOBAHHE MPHUPOJHBIX KaTacTpOd Kak 3EeMIICTPSICEHUS
OCTaeTCsl OCTPHIM aKTyaJIbHBIM BONPOCOM. PaboTBI 10 MPOTrHO3UPOBAHME BO3MOXKHOCTU 3€MIICTPSCCHHUS
MIPOBOJSATCA TMOCTOSHHO B TEYEHUM NECATKU JET W JIS ITHX IeNiell CO3/MaloTCs Pa3InYHbIE METOMbI
HaOmoAeHUH. Y30€KUCTaH HaXOIUTCS B CEHICMUYECKH aKTUBHOM 30HE, 1 BO3MOXHOCTD ITPOTHO3UPOBAHUS
3eMIICTpSICCHUI sIBIsieTca Aisi PecnyOnmku BakHeiimneld mpoOiemol. HecMoTpsi Ha MHOTOUYMCIICHHBIC
MOTBITKY, MPEINPHHAMAcMble B MHpPE, HET JOCTAaTOYHO HAASKHOH METOIUKH IPOTHO3HPOBAHUS
3eMJIETPSACEHUM KPaTKOCPOYHOTO, CPEAHECPOYHOT'O BpeMEHHOT0 ypoBHsL. [IprumMepom mMoxeT ciyxuth 1988
T. KaTacTpo(UIECKUE pa3pyIIUTEIbHBIC 3eMiteTpsicenus B Crinrake (ApMenus ), npoucxoauBimue 1999 r. B
Typuuwn, B 2004 1. y octpoBa Cymarpa, u B 2010 r. Ha ocTpoBe [ 'anTu, KOTOpbIe MPUBENU K THOEN AECATKOB
ThICSY Jrofei. He ObIIM cipOTHO3MPOBAHBI CEpUH 3eMJIeTpsiCeHNH, npomsomentux B SAmonanu 2011 r., B
Henane 2015 r., B Utamuu 2016 T.

W3BecTHO, YTO BHEIIHMM HCTOYHWKOM HEWTPOHOB y 3eMJIH SIBIISTIOTCS KOCMHYECKHE JIy4d, BO
B3aMMOJICHCTBUAX KOTOPBIX C arMocdepoii u 3eMHON KOpOil BOZHUKAIOT 3TH YacTUIlbl. C IPYroi CTOPOHBI,
3emist o0nagaer coOCTBEHHBIM, BHYTPEHHHM HCTOYHHKOM HEWTPOHOB, BCICICTBHE B3aWMOJICHCTBUS O-
YacTUL OT paJHOaKTHUBHBIX 3JEMEHTOB. B 3eMHON KOpe NMpHUCYTCTBYIOT €CTECTBEHHBIE PaJIHOAKTHBHBIE
ra3el Pasion u ero m3zortomnsl - TOpOH M AKTHHOH, SIBIISAIONIMECS ONTUMAJIbHBIM HHIMUKATOPOM MECTHBIX
MPEICTOANIMX 3EMIIETPSICEHUI. YMEHBIIEHNE MX KOHIICHTPAllMM, KaK 3a CYeT pacnana, Tak M 3a CUeT
pacnpoCcTpaHEeHUsI U3 MacCuBa B BO3JyX IOCTOSIHHO KOMIIEHCHUPYETCS HOBOM TreHepanueil B 3eMHBIX
MOPOJAax B IPOIiecce PaIHOAKTUBHOIO paciana dJIeMeHTOB. PacnipocTpaneHre pajoHa B 36MHOM KOPeE U €T0
BBIJICJICHUE C TOBEPXHOCTU IOYBHI ONpenelsitoTcs kodp¢uiuenToM auddy3unu, HECMOTpS Ha TO YTO
coJiep’KaHMe pajJioHa B O3THX IOTOKAaX COCTAaBISET HHUYTOXKHBIE JIOJIM, OH XOPOILIO PETUCTPUPYETCS
npubnausuTenbHo 30-50 pacnasoB B CEKyHAY B OJHOM KyOHMYECKOM METpE, TO €CTh aKTMBHOCTH PajoHa
cocrasiser 30-50 Bx/m®. [1] KoHuenrpamms pagoHa B IIPUIIOBEPXHOCTHOM CJIOE IIOYBHI OTPaKaeT
JUHAMHUYECKHE U3MEHEHHUs HaNpsHKeHHO-1e() OpPMUPOBAHHOTO COCTOSIHUSI 36MHOM KOPBI, UTO COCTAaBIISIET B
onnoM Kyouueckom Merpe (0,2-0,3) - 107 aromos pagona (wim B 1ky6 cM Bosmyxe obpasyercs 2,08+10°
rap WOHOB).

B nenouke pacmaga paavoakTHBHBIX 3JIEMEHTOB B 3HAYUTEIBHOM KOJMWYECTBE NPUCYTCTBYIOT
M30TOIIbI, KOTOPBIE IIPU pacaje AaroT aabga-dacTuipl. DHEprus aabda-dacTull cocTaBisier oT 5 MaB no
9 M»B. Takue yacTHibl, BCTynas B J€pHbIE B3aUMOAECHCTBUS € KMUCIOPOJIOM U a30TOM BO3/yXa, a TAKXKE C
AIpaMy 3JIEMEHTOB, COCTAaBJISIOMIMX 3E€MHYIO KOpPY, BBI3BIBAIOT T'e€HEpaluio HEeHTpoHOB. llockombky B
BapHallUAX MHTEHCUBHOCTH TOTOKOB 3apsKEHHBIX YacTUI] M HEUTPOHOB MPOSIBISETCS JWHAMHYECKOE
COCTOSHME€ CaMOW KOpbI, TO BO3HHUKAeT BO3MOXXHOCTh MPOTHO3WPOBAHUS TaKHUX SIBIEHHH, Kak
3eMJIETPSCCHHUS, CBsI3aHHBIE ¢ Aedopmanuamu. {1 ero peaanzanuy HAMH paccMaTpUBAETCA:

- CO3/JJaHUE YCTAHOBKH, OCHOBAaHHOW Ha SIEPHO-(PH3MYECKOM METO/IE JJIsl HEIIPEPBIBHOTO CIIEKEHUS
3a BCIUIECKaMU MHTEHCHUBHOCTH TOTOKOB HEWTPOHHOTO U3Iy4YEHHUS U 3apsDKEHHBIX YaCTHL OT 3€MIIH, KakK 3a
BO3MOKHBIMH NPEIBECTHUKAMH 3eMJIETPSCEHUI.

B pesymprare CcO34aHO YCTPONCTBO, MO3BOJIIOIIEE HA OCHOBE IIOTYYEHHBIX pE3YJIBTAaTOB
pa3paboTaTh METOJUKY IPOTHO3UPOBAHUS 3eMieTpsaceHni 3a 20 u Oosee yacoB 10 ux nosBieHus. OIuH 13
BapHAHTOB YCTAHOBKH JJIs1 U3y4EHH BPEMEHHBIX BapHalliil HTHTEHCHBHOCTH ITOTOKOB 3apsKECHHBIX YaCTHI]
1 HEHUTPOHOB Ha pucyHke 1 [2]. B ycTaHOBKe pacnosoxeH yriepoAHslii norioturens C, Hajg KOTOPBIM
pa3MelleH MepBbIi CHMHTUUIALUMOHHBIA qeTekTop S |. [Tog HuM pa3meriaercs BTopoit cuuHTHLIITOp S |1
u Bropoil O6mok C. [lanee mon Gmoxamu ()OHOBOW 3alIUTHI, COCTOSIIMMH M3 BOJOPOAOCOAEPIKAILETO
BEIIIECTBA, IOMEIIACTCS PsiI U3 7 HEUTPOHHBIX cueTunkoB N1-7, Tuma CHM-15. I1o OKpy>KHOCTH YCTaHOBKH
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paccTaBlieHbI IETEKTOPhI HanpaByieHus. ONTHYSCKUI KOHTAKT MEXKAY TOPIOM JETeKTOpa U okHOM DY
OCYIIECTBIISIETCSI C IOMOIIBI0 KPEMHEOPTraHUYECKOTo BazenuHa [3].
1 2

L
—

] 0000000 a

Puc.1. Cxema pacnonosicenusi 0emekmopos yCmaHOGKU.
1- Cyunmunnamop u 2- eco @Y, 3- noenomumenu, 4- HellmponHvle cuemyuk, 5- demexmopsl HanpasaeHuil 6- ux PIY

JaHHas ycTaHOBKA, B OTJIMYME MOCTPOCHHBIMU APYTHMMHU METOAAMH, IO3BOJIUT PETUCTPUPOBATH C
MOMOIIBIO  Pa3IMYHBIX JETEKTOPOB BPEMEHHbIC BapHallil WHTEHCHMBHOCTH TIOTOKOB HEHWTPOHOB U
3apsDKEHHBIX YacTHIl, YTO JAeT BO3MOXKHOCTB CYLIECTBEHHO MOBBICUTH JOCTOBEPHOCThH NMPOTHO3UPOBAHUS
NPUPOAHBIX KaTacTpod.

Ha puc. 2 npeacrasiena 61ok-cxema 3JIEKTPOHHON CUCTEMBI PErHCTpaiy ycTaHOBKU. CHUTHAIBI OT
kaxnporo cuuatminisTopa Sl u Sll mocrymator uepes smurTepHble noBTopuTenu Ol Ha cymmarop ).
[IpocymmupoBanHslii curHan ¢ 4-x @OV cranmapTusyercs Ha GpopmupoBatene @ U MOCTyMaeT Ha CXeMy
coBnazennit CC. [Ipu HaMMUMK OJHOBPEMEHHOTO CHUTHANA OT ABYX CUMHTHIUISIMOHHBIX JAETEKTOPOB Ha
BbIXoze cxeMmbl CC BO3HHKAeT CUTHAN, KOTOPBIH uepe3 (popMHupoBareib MOCTyMaeT Ha cYeTunk coObIThii C
u uepe3 AL (ananoro-uudposoit mpeodpasoBatens) Ha uHTEpPetic UD.

[ st ] [s2] [awrs|—amm |
IEI...-—I-H cc |
| |

I__I $1-, S2- CUMHTHWIIAUHOHHLHT QeTeKTOD
. Ju 1-8, § -0eTexTOPOR HAMPaBISHIT
|awmr ] [anm] T 14, cymma 4 @3V ¢ S1, S2
CC- cxema COBOAmeHMIT
— B3H- Gnok zameci sHbOpMalHi
B Ns 1-6, 6 -HeliTPOHHEIX CHETHNKOB

1
| 1
INS |-6H = H ATIII H B3H I AL - agaroro uadporoii npeobpasoBaTels

MOHBTOPR

B3I

DEr. 2. Baok - ¢XeMa CHCTEMBI pPerac TPaIiEH

JlaHHbIE CHUTHANBI OT HEUTPOHHBIX M CIHUHTHWUISAIMOHHBIX JETEKTOPOB OYyIyT 3alliChIBATHCS B
KOMIIBIOTEPEl M MOTYT OBITH HCIONB30BaHbI B JII000H MoMmeHT. MHdopMmanus B peanbHOM BpEMEHH
BBIBOJUTCS Ha dKpaH MOHUTOpa (puc.3). Pe3ympTaTel HAOMIOACHMI 32 BapHAITUIMA HEHTPOHHOTO ITOTOKA C
OTJENBHBIX IMyHKTOB IIAHUPYETCS COOMPATh U aHATM3UPOBATH B PEaJbHOM MaciuTade BpeMEHH B €JUHOM
nenrpe. Kpome Toro, nHpOpMaIms B pealbHOM BpEeMEHH BBIBOJUTCA Ha 3KpaH MOHWTOpa. Pe3ymbTaTsl
HaOMoNeHUH 3a BapualUsIMU HEHTPOHHOI'O MOTOKA C OTACIBHBIX MYHKTOB IUIAHHPYETCS COOMpaTh H
aQHAIM3UPOBATH B pEATbHOM MaciTabe BpEMEHHU B €AMHOM IeHTpe [6].

B peanbHBIX yCIOBUSIX 3€MIIETPSICEHUST COMPOBOXKIAETCS HArPY3KaMH YIapHOTO THIIA, YTO CO3/1aeT
P- u S-ponnsbl. Ilo P-BonmHam ompenensioT yaapHyr0 MarHuTyay, a O S- HHTEHCHBHOCTH BO3ACHCTBHUS
3emieTpsiceHus. 3BecTHBI HEKOTOpBIE PabOTHI aJTOPUTMOB TJI€ MCIONB3YETCs CIEKTp P- BOJHBI 1O
muauMyM detbipem (Allen, 2003 r) u (Kanamori, 2005 r 6oiee) cTaHIuil.

I'eodpmsuk T. PukuTaku mpoBed CTATHCTHYECKHUHA aHAN3 CBSA3CH IITUTEIBHOCTH aHOManmid T m ee
aMIUTATY6l A U O)KHAaeMOil MarHUTyAbl M, BBIIETUB TPH KJlacca MpeIBECTHUKOB. 11 cpeqHeCpOUHBIX
NPEBECTHUKOB OH MOJTYyYUI YpaBHEHHE: log Dt=aM - b,

rae, a=0,76; b =-1,83, at - cyrku. [Ipu M = 5-7 Bpemst IpOsIBICHUS IPEIBECTHUKOB COCTABIISACT
TIEPBBIE MECALIBI - TIEPBBIE TOJIBI.
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Mexny mHTeHCHBHOCTBIO (lo) 3eMiieTpsiceHust B SIHUIEHTpPE, KOTOPOE BBIpakaeTcst B Oamrax, u
Maruutynoi (M) cymectByer cootHomenue: lo=1,7"M -2,2; M=0,6"1lo+1,2.

Bonee cnoxxHOE ypaBHEHHE XapaKTepU3yeT CBSI3b MEXAY HHTEHCHUBHOCTHIO Komebanus 10,
MarHuTyaoi M u riayounoii ouara H: lo =aM - b log H + ¢, rne, a, b, ¢ - koaddunmentsi, onpenensempie
SMITUPUYECKH 1711 KOHKPETHOrO paiioHa 3€MJIETPSICEHHUS.

OHeprus, BeIACTAIOMAsCS npu 3emierpsicenusx, E = p2rV (a/ T), rae r- IIOTHOCTh BEPXHUX CIIOEB
3emsn, V - CKOpPOCTh pacpOCTpaHEHUs] CEHCMHYECKHX BOJH, a- aMIUIATyna cMemeHdusd, 1 - mepuof
konebanuii. icxoaHpIM MaTepHrajoM AJis pacyeTa SHEPruH CiyXat JaHHbele ceiicmorpamm. b. I'yrenbepr,
kak 1 Y. Puxtep, paboraBmmii B KamudopHHiickoM TEXHOJIOTMYECKOM HHCTHUTYTE, TPEIUIOXKUIT CBS3b
MEXIY SHEPrUe 3eMJIETPSICEHUS U €r0 MarHUTYA0M o 1mkajne Puxrepa;

log E=9,9+1,9M - 0,024M 2.

Jannas ¢opMmyna Moka3bpIBaeT KOJIOCCATHLHOE BO3PACTAaHWE YHEPTHH NPU YBEIMYCHUH MArHHUTYIbI
3emiieTpsiceHus. Camble ciaadble 3eMIIETPSICEHUsI, BHI3BIBAIOLINE MTOBPEKICHNS, UMEIOT MarHUTY/Y, PABHYIO
NpUOIM3UTENLHO 5, 4TO COOTBETCTBYET BBICBOOOKAAIOIIENCS SHEPTUH 0K0JI0 3x10%2 JIx.

W3BecTHO, YTO B ANMIEHTPE 3EMJIETPACEHUS MOBEPXHOCTh 3E€MJIM MCIBITHIBAET B OCHOBHOM
BEepPTHKAIbHBIE KoJeOaHWs w30cedcThl. llpn ynmajdeHWm oOT SIUIEHTpa BO3pacTaeT pPOIb H30CEUCT
TOPH30HTAIBHONW COCTaBISIONIEH KonebaHuil, HO BCe 3TH pacueThl MPOU3BOAUTCA IO TOCT (aKTaMu.
JleTtasibHOE M3yYEHHE CEHCMOrEHHBIX 30H HAIIEH IUIAHEThl, IO3BOJWIO HAKONMTH YHHUKAJIbHBIN
9KCHEPUMEHTAIBHBIN MaTepra Mo NpeABeCTHUKAaM 3eMileTpsiceHni. O01ee KOJIMUeCTBO SHEPTHH OOBITHO
0oJpIe: YacTh ee MpeBpallaeTcs B TEIJIOTY, YacTh yXOAWUT Ha pa3pylIeHHe MOpoa U T.J. 3aBUCHMOCTH
MEXIY PHEprueil ynpyrux BOJIH, BBIPAXKEHHOU B JXKOYJISAX, U CHION 3eMIIETPSICEHUH MO LIKaJle MAarHUTY L
HE BIIOJIHE OJIHO3HAYHA, HO OOJBIIMHCTBO CEHCMOJIOTOB HCIIONB3YIOT JIMHEHHOE YpaBHEHHE CIIETYIOIIETO
Buma: IgE=aM + b,

rae Ko3hUIMEHTH! MPUOIM3UTENBHO PaBHBL: a = 4—6, b = 1-2, u onpeaensoTcs Uil KaKIbIX
KOHKPETHBIX YCIOBHUH.

VYcraHoBkH pa3MelieHsl B . TamkenTe, r. @eprade v noAroTaBiuBaercs s r. Camapkas, KOTOpbIe
MO3BOJIIT IPOTHO3UPOBATH 3EMIICTPSICEHUS] 32 CYTKM JO Hadana C OJHOBPEMEHHBIM ONPEICICHUEM
HaIpaBJICHUs MECTa dMULIEHTpa [5].

Bce mHOTOOOpasme mpeaBECTHUKOB 3EMIIETPSCEHHM HEOJHOKPATHO aHATU3UPOBAIOCH C IENbBIO
BBISBJIIGHUSI OOMIMX 3aKOHOMEpHOCTei. M3ydeHue Bapualyu ITOTOKOB HEHUTPOHOB M HMHTEHCHUBHOCTH
3apsOUKEHHBIX YacTHIl HAa TIOBEPXHOCTH 3eMIIM HU3KUX DHEPTHH SIBIIAETCS KaueCTBEHHO HOBBIM METOIOM
aHallu3a COCTOSHUSI OKPY’KAaloIIed Cpeipl, CIIOCOOHBIX 3a0IarOBPEMEHHO OIPENEeNATh IPEICTOSIINE
3emuierpsiceHus [7].

C yCTaHOBKM Mbl MOJYYMIHM KaK MPOTHO3UPYIOLUIME CHUTHAIbl, TAK M CHUTHAJbI, ONPEACIIAIOIINE
HaIpaBJIeHUs MECTOINOJIOKEHHS TPENCTOSIIEro 3eMIIETPACEHHs, HadyMHamomerocs 3a 2-3 THA J0 €ro
BO3HUKHOBEHUs. [loydueHHbIE CUTHANBI ¢ YCTPOMCTBA C YKa3aHWEM HAIpaBJIEHUS MMOKa3aHbl HA PUCYHKAX
3ud.

N KIRGIZIEA ;
n 550 420
u 500 " 350 | - Forecasting signal
7 - 1 u , . .

m 450 1 Fprecastmg signal . m 340 2- Signals of a detektion
b 400 2 - Signals of a det_ektlon L 300 3- NE - Nort - East signal
f 350 3 - NE - Nort - East signal e 280 4- SE - Soul - East signal

300 4 - SE - Sout - East signal r 240
c 250 ) 200
o 200 b 160
u 150 u 120
n 100 n EU
1 40

50 !
s ; 8 0
0 T 31020 30 40 30 60 70 80 90 100 110
5102030405060 708090100110 » .
i ) 1 - channel of analizators
n - channel of analizators
Pucynox 3. Pucynox 4.

I[aHHBIC B I_II/I(prBOM BHUJC BBIBOOUTCA HA HHCHHCﬁ, KaK IMPOTrHOCTUYECKNX CUTHAJIOB, TaK X CUTHAJIBI,
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YKa3bIBAIOIINE HAITPABJICHHUE MECTOPACIIONOKEHHUS SITUIICHTPA 3eMIIETPSICEHHS, KaK PacIloIOKeHHE caMon
YCTaHOBKH.

CrErEasms

= 3l
o 1
= ST+ SII oo
n?"- > B
P >
Am S
Prc.5 ™

Ha puc.5 mokazano pacmomnoxxenue nerekropoB [[ul-/[u8 HampaBiieHUs ¢ MPUBSI3KOU K 3EMHOMY
mosocy, W S1+SIl  CHUHTWUIALMOHHBIX JIeTeKTOpOB. IlosiBiieHHWe B 3TUX sdelikax nudp Hadaio
MPEJCTOSAIINX CEHCMUYECKUX MPOIECCOB, MEPEXOISIIUX K 3eMICTPSCCHUSIM.

AMIUIATYy/1a CUTHAJIa 3aBUCUT OT CHJIBI MPECTOSIINX 3€MIIETPSICeHUH, YeM OOJIbIIe CHUTHA, TeM
CWIbHEE TOJYKH 3eMIICTPSCEHUS. BelnunHa aMIUMTYIbl CUTHAJIOB KOPPEIUpPYET C JalbHOCTHIO MECTa
PETUCTPAIIMKU, YeM JaJIbIIe SIMICHTP, TEM aMIUIMTyaa curHaiga meHbine [8]. ITo mepe mpubmmkeHUs
BPEMEHH TIPOUCXOIAIINX COOBITHH 3eMHBIX TOTYKOB CUTHANBI HapacTaroT emie 0ombine. [Tocne momyueHus
3apCTUCTPHUPOBAHHBIX MAaKCHUMAJIbHBIX HUMITYJIBCOB, M MOCJC MPOUCXOAMBIINX COGI)ITI/II\/'I 3eMHeTpHCGHHﬁ
comocraBisisi ¢ gaHHbIMH European-Mediterranean Seismological Centre (EMSC) Obuin omnpejieseHsbl
MarHutysl (cuia) M 1 MecTo SMUIEHTpA.

Taoamnma Ne 1

Ne Region Date Magnitude Instrument data
1. | Kirgizia 7/19/2011 6,2 1130
2. | Kirgizia 12/13/2012 5 840
3. | Kirgizia 7/8/2016 4,7 600
4. | Turkey 10/23/2011 51 560
5. | Turkey 11/24/2011 6 690
6. | Turkey 11/25/2011 7 780
7. | Japan 7/20/2011 57 700
8. | Japan 2/7/2012 5,6 600
9. | Japan 8/16/2016 55 500
10. | Japan 8/23/2016 53 450
11. | Japan 9/1/2016 4,9 400
12. | Japan 9/1/2016 4,0 300

W3 Tabmuupl BUIHBI,

4TO TIIOJTY4YCHHBIC yCTpOfICTBOM CHUT'HAJIbI

MMPOUCXOANBIINX SCMHeTpﬂCGHHﬁ B IIpe€aciiax OIINOOK PpaBHEIL.

[annble

JTAaHHBIX MPHUBEICHBI B TAOJIHIIEC:

Taoauma Ne 2

3apETUCTPUPOBAHHBIX  CUTHAJIOB
MIPOUCXOXKICHHS ¥ MarHUTYAbI (cvita) M nosydensl B qatsl o qaHaeiM EMSC, kak npenBapurensHast 6a3a

C YCTpoOMCTBa

3eMIICTPSICEHUST B
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Ne | Region Regression Equation Correl_a'Flon Coeﬁlqen'f of
Coefficient determination

1. Kirghizia y = 2,843 + 0,002868 x 0,9613 0,924

2. Turkey y =0,2992 + 0,008474 x 0,9909 0,982

3. | Japan y = 3,224 + 0,003951 x 0,8853 0,783

st onipeienieHust B 5KHBOM BPEMEHH JCHCTBUH (yIapHOM CHITBI) MAarHUTY/IBI B TIMIIEHTPE BO3MOKHO
MPOUCXOMSIIECTO  3EMIICTPSICEHUS] BBOJATCS  pacy€Thl, TJE VYYaCTBYIOT TOJy4YyaeMble JaHHBIC
MMPOTHOCTUYCCKUX CHUT'HAJIOB U JAHHBIC CUTHAJIOB C IACTCKTOPOB HAIPaBJICHUA C TPEX Ha6HIO)laTeHI)HBIX
MyHKTOB. Kak TOJBKO BBISABICHBI CHUTHABI HANpaBICHUW, CBOJUM M3 TPEX TOUYEK JIy4H, HAXOJIUM MECTO
BO3MOJXHO IPOUCXOAAIIETO OSIMICHTPA 3CMIICTPACCHUA. ITo INOJTYYCHHBIM JAaHHBIM IIPOU3BOAUTCA
MaTeMaTUYEeCKUI pacyeT perpecCHOHHOT0 METO/Ia, TAE U MOJIy4aeTcsl TOYHOe MecTo drureHTpa [10]

Puc. 6. Pacnpedenenue nabopa dannvix 3a ~ 4 waca ¢ cueHanos, cpabomasuiux npesuluayux nopo2 pecucmpayuu, ¢
ycmpoticmea, pazmewjennozo 2. @epeana ¢ 21.01.202.

B nanHOoe BpeMsi HAMU CO3/1aeTCs MHHHU CETh, pa3Mellas yCTPOHCTBa B CEHCMHUYECKH aKTHBHBIX
peruonax crpanbl B rr. Tamkent, ®eprana u Camapkann [5]. B r. depraHe Ha TeppuTopuu Guamana
TamkeHTCKOTro yHUBEpCUTETa MHPOPMALIMOHHBIX TEXHOJIOTH U B T. CaMapKaHe YCTaHABIUBAIOTCS TaKHe
’Ke yCTaHOBKH, Kak u B Tamkente [6]. [IpoBeaeHbl UCIbITaHKUS YCTAHOBKH, pa3MenieHHo# B T. Deprawxe.
VYcraHoBKa paboTaeT B CIEASILIEM PEKUME C BHICTABICHHBIM 10 aMIUTHTYJE U YaCTOTE CHT'HAJIOB IOPOTOM
10 MarHutyne Bbime 3 OannoB. CUrHaigbl HAUMHAIOTCA IOSBIIITHCA 32 3-CyTOK M HAUMHAKOT PacTu 10
MPOUCXOXKICHHUS 3eMIICTPSICEHHS, a TI0CIIe MOAA0T 10 HyJs (10 doHna) [2,7].
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Puc.7. Ilpusodumcs kax npumep pacnpedeieHue cueHanos, noayyennvie ¢ 22.01.202 3a 2 cymox 0o 3emrempscenus
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Puc. 8. Pacnpedenenue cucnanos ¢ 23.01.2020 3a 20 uacos 00 npoucxoxicoenus 3emiempsceHus.

[Tocne MBI BBISICHUIIH T1€, U KAKOW MarHUTY bl CUJION MpOUCXoAUIIo 3emierpsicenus. Ha pucynke 8
npuBeAeHsl monydeHHsie B 23.01.20 mpemBapuTenbHBIE MaHHBIE € yCTaHOBKH, 3a 20 dYacoB 10
npoucxoxaeHus 3emierpsacenus B Tamxukucrane 24 suBapa 2020r marautyzpoit 5,5 (muk mudpa 1).
IIpoucxoausiue 3emiieTpiaceHusi B TaJKUKUCTaHE XOopollo oirymanock B depraHckoil aoauHE U T.
TamkeHTe, ¥ 32 HUM CIYCTS ~ 9 4acOB 3eMIJIETPSICEHUS MPOUCXOANT B TypIn MUK UGpor 2 ¢ MArHUTY IO
6,8. Bce 3Tu puCyHKHM pacmpezieneHHs TOJIy4YeHbl B OJHOM H3MEPEHMH TEYEHHWH OKOJO 3 CYTOK.
Perucrpauus curHanoB ¢ yCTaHOBKU HOYTH 32 CYTKH JO 3€MIICTPSICEHUS MPEPBaHbl, IPUUYUHON KOTOPOTO
SIBIIIETCSI CIIy4aifHOe aBapHilHOE OTKIIIOUEHHE PallOHHOTO HANPSHKEHHS MUTAHUS CETH B BeuepHEe BpeMs.
Ecam He TexHMYecKas MPUYHHA OTKITIOUEHHUS TUTAHM, TO MK CUTHAJA cocTaBmI ObI ~ 650 mis udpsl 1 u
~ 450 mast uudper 2. Tak Kak NMPOBOIWIOCH MCIBITAHWS YCTaHOBKH, €KEIHEBHO KOHTPOJMPOBATIOCH
nosiBiieHue curHaioB. C TOSIBIIEHHEM CHUTHaja, KOHTPOJBHBIA X0 COOBITHS HaOOpa MaHHBIX 3aIMCaHbI
otaensHo. Ecnu mpocnennTs exxeAHEeBHbIE 3aMKcell TaHHBIX, TO CLEHAPHUS MPOUCXOIUIT BHU3Y MTOKA3aHHBIX
pHUCYHKaX.

CpaBHHBas 0OIMHAKOBBIE MArHUTY/ABI IPOUCXOAUBIINX 3EMIIETPSICEHNH U MOJIyYEHHBIE CUTHAJIbHBIE
JIAaHHBIE C JIETEKTOPOB, CMOXKEM OMPENENUTh MAarHUTYly 3MHLEHTpPa MpeacTosmero semiuerpsacerus. [lo
MIOJIy4CHHBIM JTAHHBIM 3a 18 Mecs1eB BUHO, UTO NEHCTBUTENBHO MOKA3aHUs JAHHBIX 3aPETUCTPUPOBAHHBIX
CUTHAJIOB C JIETEKTOPOB C OJWHAKOBBIMU CHJIAMH TOJYKOB (MarHUTYZ) B Tpe/ieiax OIUOOK OJMHAKOBHI.
Oto HaOpaHHBIE NaHHBIE 3a BpeMs Ooliee 2-X CYTOK, OJHOBPEMEHHO 3apeTHCTPUPOBAHHBIX CITydaeB C
YCTPOWCTBA, YKA3bIBAIOIINE HA BOBMOKHOCTH OTIPEAETICHHS TPOUCX0KIEHHS 3eMIIETPSCEHHS 3a HECKOJIBKO
9acoB J0 COOBITHSI.

Kak Tonbko BBISIBIEHBI CUTHAJIBl HANpaBICHHUH, CBOJUM W3 TPEX TOYEK Jy4YH, HaXOAUM MECTO
BO3MOYKHO MHPOUCXOJSNIEr0 3MUIEHTPaA 3eMileTpsAceHus. Takol MPOTHO3 YKaXeT, IJe, KOrja U C KaKou
cuiol (MarHuTyAOH) HpPOM30HAET ceficMuUYecKkoe CTHXHiiHOoe OexcTBue. Bce aMIUIMTYyAbl CHUTHAIIOB,
nepeaBaeMble JeTEKTOPY, 3aBUCAT OT SHEPTUi HAIETAIOMINX 3apsHKeHHBIX yacTull. [loryueHHple jaHHbIe
MMPOTHOCTHYECKUX CUTHAIIOB PABHBIX MO0 MArHUTYZAE 3eMJIETpsCeHHH B mpenenax 5% ommOOK MmoKazan
OJIMHAKOBBIC YHCIA, YTO U JaeT BO3MOXKHOCTBH OMNPEJEIUTh YAAPHYIO CHIY OyIyHIero 3eMJIETPSICECHHS B
MPEANOIaraéMoM SIUIEHTPE OT TPEX MyHKTOB.

IIpennonaraercs COBMECTHO C YCTAaHOBKOM B TI. TamikeHTe Ha TeppuTopun PU3HKO-TEXHUYECKOTO
nactutyta AH PVY3, m BMecTe ¢ Takoi ke YyCTaHOBKOH, CO3IaHHOW B COCETHUX CTpaHaX, MCCIEIOBATH
KOppENALMOHHBIE 3aBUCHUMOCTH I1apaMETPOB BCIUIECKA HEHTPOHHOTO TMOTOKA M HMHTEHCUBHOCTH
3apsOUKEHHBIX YacTHIl OT MecCTa JmHIeHTpa 3emierpsicenus [4, 5]. [IpoBoas wccnenoBaHne Bapuariuu
WHTEHCHBHOCTH TOTOKOB 3apsDKEHHBIX YacTUI ¢ TpPeX HaOIOAATEeNbHBIX TOYEK, MO3BOJISIET MOJIydYaTh
BO3MOYKHOCTh KPaTKOCPOYHO MPOTHO3MPOBATH NMPEACTOSIINE 3eMIETPACEHHUS, OTBEYast Ha BOIPOCHI, KOT/a,
TJIe ¥ C KaKOW CHIION MTPOU30MIET CeiCMUIeCcKOe COOBITHE.

BriBoabI:

AHOManbHbIEe BapUallMy NapaMEeTPOB MOTOKOB 3apsDKEHHBIX YaCTHI] KK MPEABECTHUKU HAXOAATCA B
XOPOIICH KOPPEISIUN B TeUeHHE 2-3 CYyTOK 3apaHee, NPeIIIeCTBYIOIINX MOMEHTY 3€MIICTPSICEHUS, TaK U
BO BpeMsl celcMHYecKOW akTUBHOCTH. [0 mpenBapuTENbHO NOJYyYEHHBIM [aHHBIM CHTCHAJOB HaM
MPEJCTaBMIIOCh 4YTO, MOKHO NPOTHO3UPOBATh 3EMJIETPSICEHHE C OIpENENeHUEM HaIlpaBJIEeHUs
MECTOPACIIONOXKEHUS AMULEHTPA.
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OTOT METOJ, NMPHHLIUINAIBHO HOBBIH W HMMEET IPEMMYINECTBA Iepel IPYIrMMH METOIAMH
MIPOTHO3MPOBAHUSA, 3a CUYET M3YUYEHHS JJIEMEHTApHBIX YacTHI, POXKIEHHBIX B 3€MHOH KOpe, MOXKET
OTPEACIATH B )KHBOM BPEMEHH Pa3BUTHE CEHCMOAKTUBHBIX TPOLIECCOB 1O 3EMIIETPSCEHNU.

PazpaboranHoe ycTpoHCTBO, paboTarollee 1Mo 3TOMY METOMAY, PETUCTPUPYET MOTOKU 3apsKEHHBIX
JaCTHULl 1 HEUTPOHOB HU3KUX PHEPIHH, UCXOIIIIUX U3 TUIOLEHTPA, U 00eCIeUnBaET 32 HECKOJIBKO 4aCOB
OTIPENETATh Pa3BUTHE 3EMIIETPSACEHUS C OTPEEICHUEM HAPaBIEHHUSI MECTOPACTIONOKEHHS SIULICHTPA.

AHOMamnbpHBIE BapHallii TTapaMeTPOB MTOTOKOB 3apSHKEHHBIX YaCTHI] KaK MPEIBECTHUKHN HaXOIATCS B
XOpOIIEH KOppessALuH B TEUEHUE 2-3 CYyTOK BIIEpEl, MPEALIECTBYIOLINX MOMEHTY 3€MIIETPSICEHNUS, TaK U BO
BpeMs CEHCMUYECKON aKTUBHOCTH.

[TomydeHHble aMIUIMTYIBI CUTHAIOB B Tpeenax +5% OmmMO0K OMHAKOBEI, YTO JaeT BO3MOXKHOCTb
onpenesaTs (yIapHyIO CHITy) MarHUTYy MPEICTOSIIEro 3eMIIETPSICEHUSI.

IIpoBoas wuccnenoBaHME BapHAlMM WHTEHCHBHOCTH IIOTOKOB 3apsDKEHHBIX YacTHI[ C  Tpex
HaOII01aTeNIbHBIX TOUEK, OyJeT MoTyueHa BO3MOKHOCTh 3apaHee ONpeAeNnTh, KOTa, TJe U ¢ KaKOW CUIIOH
MPOU3OUJIET 3EMIIETPSICEHUSI.
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AHHOTALIMSA

Hns obnyuenua nosoo0pazoeanull, pAcnOIOHCEHHBIX 6OAU3U IHCUSHEHHO BANCHBIX PAOUOUYBCEUMETLHBIX
CMPYKMYP U 0p2aH08 HeOOX00UMO 06eCcheyumy MoYHOe NPOCMPAHCINBEHHOE COBMEUJeHIUE NYUKA C MUULIEHBIO 8
ceancax npomonnou mepanuu. Llenvio pabomvl asnsemcs cpasnenue pacnpeoenenuii 003vl NOJIYYEHHLIX 8
npozpamme NAAHUPOBAHUS NPOMOHHO20 NYUKA U USMEPEHHLIX 8 pe3yibmame IKCHePUMEHMA ¢ NPUMEHEeHUueM
Ppaouoxpomuuix nieHok ¢ Meduko-mexuuueckom komniexce (MTK) Jlabopamopuu sdepuvix npoorem (JIAII)
Obvedunennoco uncmumyma soepuvix ucciedosanuui (OUAU).

BBEJIEHUE

VY3Kke HECKOJIbKO NECATUIETHN 4eJI0OBEYECTBO U3y4aeT BO3JACHCTBUE HOHU3UPYIOIIETO U3JIyYeHUE HA
opraHusMm uesioBeka. IIpu 3ToM akLeHTUpyeTCs BHUMaHHE KaK Ha IOJI0KUTEIBHOM, TaK U OTPULATEIbHOM
s¢¢exTe, BOSHUKAIOIIEM MPH €ro npuMeHeHnu. Pa3pabaThIBaroTCs HOBBIE METOJIBI, KOTOPBIE MO3BOJISIOT
T0OMBAThCS MaKCHMAIIBHOTO JieueOHOTOo d(pdeKTa mpr CHIDKCHUH OTPUTIATEIIHFHOTO EHCTBUS HA OPTaHU3M.
Viyuymaercs o0opymoBaHuEe Ui TPOBEICHUS Jy4eBOM Tepamuu, MOABISIIOTCS HOBBIE TEXHOJIOTHH
oOyuenns. borpmmme HameXIbl BO3NAraroTcsl Ha MPOTOHHYIO TEPANHio, C MOMOIIBI0 KOTOPOH MOXKHO
MaKCHUMaJIbHO NMPHLENBHO MOJBOIUTH BBICOKHE J03bI M3JIYyYEHHUS K TIIyOOKO PACIOJIOKEHHBIM OITyXOJISIM
npyu MHUHHUMAJIBHOM IMOBPCKACHUNU 3I0POBBIX TKaHeld 3a CcYeT BBIIACIICHUA paﬂHaHHOHHOﬁ J03blI Ha
onpenenéHHOM OTpe3ke mpobera uactun. braromapss cpaBHUTENbHO OOJBLIION Macce NPOTOHBI
WCTIBITHIBAOT JIMIIb HEOOJIBIIOE MOMIEPEYHOE PACCESHUE B TKaHH, a pa30poc JAJMHBI X Mpodera O4eHb Mal;
My4OK MOXXHO C(OKyCHpOBaTh Ha OIyXOJb, HE BHOCS HENPUEMJIEMbIX NMOBPEXICHUH B OKpPY’>KaIOIIUE
30pOBbIE TKaHW. Bce NPOTOHBI 3aJaHHOW SHEPrHMHM HMMEIOT COBEPIIEHHO ONpeAeieHHBIH Mpoober;
HUYTOXXHOE MX YHUCJIO IPEBBIIIAET 3TO PaccTOsiHKME. bojee TOro, MpakTHYECKH BCs pagvallMOHHAas 103a
BBIJIENISICTCST B TKaHM Ha TOCJIEAHUX MHUIMMETpax Npo0era 4YacTUI, 3TOT MaKCHUMYM Ha3bIBAarOT
Bparrosckum mmkom. Mecromonoxenne bBparroBckoro mmka 3aBHCHT OT DHEPIHH, 1O KOTOpPOW ObuH
Pa3oTHaHBI YACTUIIBI B YCKOPHUTEIE, 3Ta SHEPIUsl B OOJBILIMHCTBE CIIyyaeB JOJDKHA HAXOAUTHCS B AUATIa30HE
or 70 mo 250MbdB. CnemoBaTenbHO, MOSBISETCS BO3MOXKHOCTH C(hoKycHpoBaTh 00JacTh pa3pyIIeHHs
KJIETOK IPOTOHHBIM IIy4YKOM B IJIyOHWHE 3I0pOBOIl TKaHH, OKPY’KaIOIIEH OIMyX0Jib; TKAHH, PACIIOIOKEHHbIE
110 bparroBckoro nuka, NoJgy4aroT HEKOTOPYIO HE3HAUUTEIbHYIO 103y. B HacTosme cTaTbe npeacTaBieHbl
3TaIlbl IPOBEPKU MPOCTPAHCTBEHHBIX PACIPEAEICHUH 03bl, pacllipeHHbIe MUKW bparra, noay4yeHHbIE B
9KCHEPUMEHTE U PAaCCUMTAHHBIC B PE3yJIbTaTe TUNIAHUPOBAHMS O0TyUCHHH.

1. TEXHOJOI'MYECKHUE 3TAIIbl DKCIIEPUMEHTA

B skcriepuMenTe UCToIh30BalICs TEPAIEBTHYESCKIM ITyYOK MPOTOHOB ¢ dHepruei 155 M»aB [1]. ds
M3MEPEHHS POCTPAHCTBEHHOTO paclpeAeiaeHus 036l B OKCIIEPUMEHTE M0 MPOBEPKE MPOCTPAHCTBEHHBIX
pacrpeneneHuii 103pl Oblia ucmosb3oBana pagauoxpomHas twieHka (PXIT) Gafchromic RTQA-1010P,
COCTOAILIASl U3 AKTUBHOIO CJIOSl, PACIOJIOKEHHOKO MEXAY TOHKMMH JIMCTAMM MOJIM3CTEpa, HUMEIOLIas
pasmepsl 100x130 MM 1 Tommuny 0.3 MM. DTa MJICHKA, IO TaHHBIM IPOU3BOAUTENS, TIO3BOJIIET U3MEPUTh
JI03y MPOTOHHOTO 00ydeHus B quamazone 2 cl'p-8 I'p.

ITepBrlii aTan U3MEPEHUN COCTOSIT B ONIPEAETIEHUN COOTBETCTBUSA cTeneHn noteMHeHus PXIT ot 10361
obOryaenus. [l atoro u3 omHoro ymcta PXIT Obuti BeIpe3aHbl TPUHAAIATH KYCOYKOB TUIEHKH pa3MepoOM
20x20 MM, 3aTeM o0yyanuch kanuopoBanubiMu qo3amu (0; 0.25; 0.5; ... no 3 I'p). [lnenku pacnonaranuck
MEPIIEHANKYISIPHO K OCH MPOTOHHOTO ITy4yKa Ha riryOnHe 12 MM BOJHOTO SKBHUBAJICHTA.

OkcriepuMeHT 3akmouancs B oOmydernn PXIT chopmupoBaHHBI NPOTOHHBIM IMTYyYKOM —
PAcCUYMTAaHHON B TPEXMEPHOM KOMIBIOTEPHOU cucTteMe muanupoBanust TPN [2]. TmockocTs TuieHKH Oblia
OTKJIOHEHa Ha 5° OTHOCHTENBHO OCH TyYKa JUIi TOTO, YTOOBl M30eXaTh MpolieTa MPOTOHOB BIOIH
YyBCTBUTEJIBHOTO ciosg PXII.
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2. OBPABOTKA JAHHBbIX.
[Monydennsie B pe3ynbrare skcnepuMentTa PXII Tak ke, Kak U KaTHOPOBOYHBIC KYCOYKH, IJICHKU
CKaHUpOBaKCh ¢ ToMotbto ckanepa HP Officejet 7213 (Puc. 1).

Puc. 1. Obayuennvie kanubposounvie kycouxu u aucm PXII.

N3 ckanupoBaHHBIX (DAWIOB OBLIM CYHWTAHBI 3HAYCHUS MOTEMHEHWH B KaXIOH TOYKEe U
chopMHpoBaHa JByMepHas Marpulla JaHHBIX B mporpamme Imagel. Ha ocHoBe mnpemBapuTenbHO
00Ny4eHHBIX M OTCKaHMPOBAHHBIX TPHHAANIATH KaIHOPOBOYHBIX IUICHOK ITOCTPOEHA KalIMOpPOBOYHAS
KpuBas (puc. 2).

Ng |Mean Motemuedue [Ao3a, Mp
1| 22637.121 0 0
2| 37415.772| 0.035464918 0.25
3| 34531.613 0.0649412 0.5
4| 21722.6853| 0.08950732% 0.75
5| 28723.200| 0.117049107 1
6| 32274.673| 0.139267941 1.25
7| 27331.573| 0.158271401 1.5
8| 20477.834| 0.180608433 1.75
9| 30552.673| 0.202607288 2
10] 21175.546| 0.222482091 2.25
11| 23709.426| 0.241365101 2.5
12| 26182.242| 0.252445652 2.75
13( 24506.401| 0.268005691 3
14| 530.484

D= -0.0154269735760937 + 7.68594004437670 x + 6.81279444774532x + 23.4456574426797 x°

Puc. 2. Mampuya 0anneix kanubposounvix nieHOK, KANUOPOBOUHAs KPUBAA U YpAGHeHUe AnNPOKCUMAYUU.

VYpaBuenue annpoxkcumanmu (D — 103a, X - HOTeMHEHHE) PaCCUUTAHO C TOMOIIBIO0 MATEMAaTHUECKOTO
nakera MAPLE-2017 [3] u ucnonbp3oBaHa JJIsl TIepeBoJia 3HAYSHUH MATPHIBI MOTEMHEHUS! O0TydeHHBIX
PXII B 3HaueHwus moriomieHHoH 10361, [lomydeHHast Takum 00pa3oM MaTpHIa /103 MOCTPOEeHA B O(UCHON
nporpamme EXCEL (Puc.3).

DMIES b - f 3
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Puc.3. Mampuywr 003: nonyuenuvie ¢ nomowppto PXII (cresa), paccuumanmvle 8 pezyivmame cucmemvl NIAHUPOBAHUSL
obnyyenus (cnpasa).

3. PE3VYJIBTATBI U 3AKJIIOYEHUE
Ha pucynke 4 mnpencraBieHbl pacmupeHHble THKKA bpsrra, monmydenHele ¢ mnomoimrsio PXITI,
HAJIO)KEHHBIE Ha MHKe, PACCYNTAHHBIE B PE3yJIbTaTe IUIAHUPOBAHUS 00ITydeHH.
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Puc. 4. Cpasnenie 003bl: paccuumanias 6 pe3yibmame NiaHUpoSanls 00nyuenus (Cunuit) u noryuennas ¢ nomowwvio PXIT
(kpachwlii)

W3 nomyueHHOro quarpaMMbl BUIHO, YTO U3MEPEHHOE paciipe/iesieHne, 1o KpaHei Mepe B 00sacTu
BBICOKHX 1103 (80% 1 BBIIIE), HAXOAUTCS B XOPOIIEM COOTBETCTBHH C IUTAHOM. TakuM 00pa3oM, pe3yiIbTaThl
n3Mepenwnii ¢ PXII goctaTo4HO XOPOIIO COTNIACYIOTCS C pACYETHBIMU JJAHHBIMU TNIAHUPOBAHUsI 00 TydeHUS
B IIpeJeNIaX MOTPEIIHOCTH METOANKH U3MEPEHUIL.
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SHEPTETUYECKHWN CIIEKTP IEPEMEHHBIA YETHOCTH YETHO-YETHBIX SIJIEP
B NPUBJIN/KEHUUN TPEXMEPHOI'O ACUMMETPUYHOI'O POTATOPA

M.C. Haaupoekos!, O.A. Bozapos!, M.JK. Kop:xoBos?

Uncmumym HAoepnoii duzuxu AH PY3,
Tamkent, 100214, V36ekucran, hodirbekov@inp.uz
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AHHOTaALUA.

B smoii pabome paccmampusaemcs 803MOACHOCHb ONUCAHUSA KOJLIEKMUBHBIX 8030VHCOCHUL NOIONHCUMENLHOU
U OmMpuUYAMenIbHOU YemHOCIU 0e@OPMUPOBAHHBIX YEMHO-UYEeMHBIX S0ep C K8AOPYNOIbHOU U OKMYROIbHOU
deghopmayuamu. Ilpednosceno aduabamuyeckoe pazoeneHue cmeneHell c60000bl 8paweHUs U subpayuu, 2oe
CMPYKmMypa RNOJOC RONONCUMENbHOU U OMPUYAMENbHOU YemHOCmU Oonpedensiemcs O08udicenuem s0pa 6
mpexocHom oicecmkom pomope. Iloxkaszano, umo cmewjeHue 3SHepUU MeHCOY NOCIe008aMeNbHOCMAMU
NPOMUBONONONCHOU HEMHOCU MONCHO OOBACHUMb KAK  Pe3yIbmam HeakCUAIbHOCMU  K8AOPYNOJib-
OKMYNOIbHBIX Oehopmayuil.

KiroueBble cJI0Ba: KBaJPYIIOJIbHBIC M OKTYIOJNBHBIC NeQOPMALINN; YHEPTETHUSCKIA CIIEKTPHI MEPEMEHHOM
YETHOCTH; TPEXOCHBIN pOTOP; Yrast-nosoca, y-mnomioca.

1. Benenne

Bo30yxIeHHbIE KOJUIEKTUBHBIE COCTOSIHHMS TSDKENBIX YETHO-UETHBIX SAEP C IMOJOXHUTEIBHOH U
OTPHLATEIBHON YETHOCTH AJISl HEaKCHAIBHBIX aedopMmanuii O paccMOTpeHbl B padorax [1-4]. B [1]
anunabaTuyeckoe NpHONMKeHne ObUIO MPUMEHEHO VIS OIMCAHUS KOJUICKTHBHBIX CIIEKTPOB IOJIOXKUTEIb-
HOW 4eTHOCTH YeTHO-YeTHBHIX sizep. Kpome Toro, HeKOTOphIE OmNpeAeieHHbIE CBOHCTBA BpallaTeNIbHBIX
II0JIOC MOTYT OBITh CBSA3aHBI C IIPUCYTCTBHEM 3((HEKTUBHON HEAKCHAIbHON KBaAPYIOJbHON M OKTYIIOJb-
Hoit nedopmarmu. Moagenu [2,3,5] ocHOBaHHBIE HAa TaKOM MNPEATNOJIOKEHUH OJHOBPEMEHHO OIMMUCHIBAIOT
COCTOSTHHS TOJIOXKHUTENFHON M OTPHUIIATEIILHON YETHOCTH B YETHO-YETHBIX S/Ipax.

B pabote [3,6] npeumyimecTBa aanabaTHUECKOTO MPHOIMKEHHUSI HMCHOJB3YIOTCS OTHOCHUTEIBHO
napamMeTpH3alny SIEPHON MMOBEPXHOCTH. B pesynbrare sHepreTHuecKie YpOBHH OCHOBHOT'O COCTOSIHUSI U
YPOBHHM OTPHLATEIbHOM YETHOCTH [e(OPMHUPOBAHHBIX YETHO-YETHBIX SIEP PacCMaTPUBAIOTCS Kak
BO30Y)KJCHUSI TPEXMEPHOTO KBaJIPYIOJIb-OKTYIOJNBHOIO poTaTopa. B 3TOM MoJIXo/Ae 3HEPreTHvecKoe
N3MEHEHHE MEXAY COCTOSHHAMHU IIPOTHBOIOJIOKHONW YETHOCTH TOJIy4eHO Kak pe3ynsTar sdpdexra K -
CMEIIMBAHUS W3-3a MPUCYTCTBHS HEAKCHAJIbHBIX KBAJPYIOJIBHBIX U OKTYHONBHBIX Aedopmanuii. JlaHHbIH
NOJXO/A CYUIECTBEHHO OTJIMYAETCI OT PAaCCMOTPEHUS YHUCTOIO OKTYIOJBHOTO WJIM CMEIIaHHOTO
KBaJpyIOJIb-OKTYONb KoyiebaHust M BpauleHus. [locieaHee OTHOCHTCS K SIIEPHBIM  OKTYIOJBHBIM
KoJIeOaHWsIM JTBOWHOW SIMOM wiM Oojee OOIMIMI JBYMEpHBIM MOTEHIHAT KBaJAPYIOIb-OKTYIOIbHBIN
negopMali ¢ akcHaIbHOW cuMMeTpueidl u Bpamenus [7-10], ucmonp3yemble 1l OOBSICHEHUS Tak
Ha3bIBAEMBIX DHEPreTHYCCKUX CIIEKTPOB MEPEMEHHOW YETHOCTH.

B pabote [6] Ha ocHOBe annabaTHYECcKOTO MPUOIMKEHNS UCCIIE0BAH TPEXMEPHBIN KBaPYyIIOJib- HO-
OKTYIOJIBHBINA POTATOP AJIsI OMTUCAHUS CTPYKTYPBI JHEPTETUIECKOTO CIIEKTPa M pa3BeTBICHUS YIast-moockl
NEPEMEHHON YeTHOCTH KOJUIEKTUBHBIX COCTOSHUN TSDKEJIBIX YETHO-YETHBIX sSIep OCHOBAaHHBIX Ha 3¢ eKTe
K-cmemmBanun. Ho B 3T0i paboTe y-1monoca KOJUIEKTHBHBIX COCTOSIHUN HE ObLITH H3yUYEeHBI.

B 3101 paboTe KONMMYECTBEHHO PAacCMaTPUBACTCA BO3MOXHOCTh OOBSCHEHHsS CTPYKTYphbI Yrast-
MOJIOCHl MIEPEMEHHOW YETHOCTH M Y-TIOJIOCHI TIOJIOKUTEIBHOW YETHOCTH B IMpeAeiax TPEeXMEPHOTOo
KBaJIPyTOJIb-OKTYIIOJBHOTO POTATopa, KOTOpas OCHOBaHA HA OKCIEPUMEHTAIBHBIX JaHHBIX 00
SHEPreTHYECKUE YPOBHSIX IOJIOKUTEIBHONW M OTPULIATEIBHON YETHOCTH B TSDKEJIBIX YETHO-UETHBIX SApax
[11]. Takoe mcciaemoBaHue CITYKIUIO OBI TIOJIE3HON OCHOBOW JUISI OIIEHKH OTIEITHHOU POJM aKCHAIBHBIX U
HEaKCHANIbHBIX CTeNeHel cBOOOIbI B (POPMUPOBAHMH KOJUIEKTUBHBIX CIEKTPOB B SApax ¢ KBaAPYIOJIbHOM
U OKTYIOJBHOM JeopMalusMy, a Takke BO3MOXKHOCTBIO —HCCIIEOBaTh OOBEAMHEHHMS WX B OOIIMii
MOJIENIBHBIN MOJXOI.

2. TpexmepHbIii KBaAPYNO0Jb-OKTYNOJbHbIH POTATOP B a1HA0aTHYECKOM NPHOJIMKEH UM

B ammabGarmdeckoM TpHONMKEHWH MapaMeTpsl AeopMalyd 3aMeHSIOTCS uX d()QeKTHBHBIMU
3HAUYCHUSIMU Poefr U Paeff, Neff U Yeff KOTOPBIE COOTBETCTBYIOT JKECTKOMY TPEXMEPHOMY POTATOPY. DTO CBSI3aHO
C TeM, YTO MAaccOBBIC MapameTpbl U KBaApaThl MapameTpoB AedopManuu BXOISIT B MPOEKIUH MOMEHTA
urepiun Ji(i=1,2,3). BBogum crienytorue mapamerpbl Bo=8B2Boert 1 B3=8Bapsetr, rie B2 u B3 MaccoBbie
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napaMerpbl. TakuM o0pa3oMm, Uil MOMEHTa uHepuuu sapa umeeM Ji=Ji(B2,Bs,nefr,yefr), TI€ apryMeHTbI
paccMaTpUBAIOTCS B Ka4eCTBE MTapaMeTPOB.
Torna MaTpu4HBIN 3JIEeMEHT aanadaTHUECKOTo NPUOIIKEHNS UMEET B

~ 1
(IMK'zZ|H_ | IMK7) = + I(1+1)- +A -2A)K?
! | i 2\/(1+5Kv,o)(1+5K,o){[(A AZ) ( ) (A : Aj) ]x
+|:5K'K + 5K',—K:|+ 2(A1 o Az)|: f (I ! K)5K',K+2 +f (I ’_K)(5K',K—2 + 5K',—K+2):|}'(1)
IJie T-4eTHOCTh COCTOSIHUI; |-moNHBIA yrioBoit MoMmeHTa sapa B enuHunax h; K, M-npoekius

MOJIHOTO YIJIOBOTO MOMEHTAa HA aKCHaJIbHYI0 OChb sijpa B COOCTBEHHOW M JabOpaTOpPHON CHCTEME
KOOP/IMHAT; COOTBETCTBEHHO; Ok'-k-cUMBOJI Kporekepa; Ai(B2,B3 e, Yerr) =1/(23i),

f(I,K)=%\/(I +K+2)(1+K+1)(1-K-1)(1 -K).(2)

rot

PaccunranHBIl CHEKTp, MOJYUYSHHBIH Yepe3 BBIMICYOMSHYTYIO MPOLEAYPY AHArOHAIH3AINU, ObLT
YCIEUIHO MPUMEHEH [6] K SHEPreTHYECKUM YPOBHSAM Yrast-moJoChl MOJIOKUTENBHON W OTpHUIATEIBHON
YETHOCTH JUIsl HEKOTOPBIX aKTUHOMIHBIX siep 228:230232Th 230.232,234,236,238| 1 240Py,

OTtmeTnM, 4To IpaBast CTOpoHa (1) He BKJIIOYaeT YETHOCTh Tt ABHO, TOT/J]a, KaK YIIOMSHYTO BBIIIE, 3TO
nonpa3syMmeBaercsi 3HadeHHsM | (detHoe wim HedeTHoe). Cample HU3KHE 3HAYEHHS JHEPTETUYECKOTO
ciekrpa E¥O(l) m coorsercrByromue co6ctBenHble QyHKIUM Wi TaMUIBTOHMAHA OTBEYAIOT IIOJIOCE
OCHOBHOTO COCTOSIHHUS JUISI YETHBIX |, 1 caMOll HU3KOH IMOJIOCE OTPUIATEIIbHON YETHOCTH JIJIsl HEUETHBIX |.
Takum 00pa3zoM, SHEPreTUYCCKHI CICKTP U BOJIHOBBbIC (YHKIMH NPpHU (PUKCUPOBAHHBIX 3HAYCHHUSIX T=1,
2,..., OIIPENIEISIIOT OOoJIee BRICOKUE HAOOPHI MOJIOC TIOJI0XKHUTEIHHON U OTPUIIATENbHOM YeTHOCTH. B manHoi
paboTe paccMaTpuBaroTCs Yrast-nojoca npu =1, ¢ mociiea0BaTeIbHOCTHIO cniuHoB 1=0%,17,2* 3°,4* 5°,67,...,
1 Y-TIoJIoca MPH T=2, C TIOCNIEA0BaTEIBHOCTRIO CIMHOB =274 6*,7%,8,....

3. UncieHHbIe pe3yJbTAThI H 00CYyKIeHUS

B nanHo# pabote paccMOTpeHO omcaHne BO30YXKICHHBIX KOJDIEKTHBHBIX COCTOSIHUH YIast-Tioiaock
MEPEMEHHOM YETHOCTH U Y-TOJIOCHI MOJIOKHUTEIBHON UETHOCTH B MpeE/eiaX TPEXMEPHOTO KBaJPYIOJb-
OKTYIOJILHOTO POTAaTOpa Il HEKOTOPBIX M30TONOB sxapa 234236238, B Ttabn. 1 npoBeneHo cpaBHEeHMs
TEOPETHUYECKUX M DKCIEPUMEHTAIILHBIX JaHHBIX U MOJIY4Y€HO Xopoliee coriacue. [loaronka mapamerpos
TPEXMEPHOTO KBaJPYIOIb-OKTYIIOIEHOTO poTaTopa B, Ba, Neff U Yeff K 3KCIIEPUMEHTANBHBIM JTaHHBIM
MpOBeIeHa METOI0M HaMMEHBIITHX KBaAPATOB 1 MOJIyUEHO Xopoire 3Hauenus st RMS (root mean square)
B eqUHHALIAX K3B.

Tabuuna 1: CpaBHeHHEe TeOPEeTHYECKUX 3HAYCHHUI JHePreTH4YeCKUX YPOBHeii yrast- u y-1moJioc paccMaTPpHUBaeMBbIX
siiep ¢ IKCNepUMEHTAILHbIMH JaHHbIMU [11].

Ilapamerpsl I + Teopus OKcrI. I + Teopus OKcr.
1 2 3 4 5 6 7 8
234y 1 815 786 10* 610 741
B»=0.1227 2" 33 43 11 1550 1589
Bs=1.2-10* 3 871 849 12* 864 1023
Nef=63.53° 4* 111 143 T=2 2" 934 926
Yefi=6.73° 5 973 962 3* 1067 968
T=1 6* 233 296 4* 1092 1023
RMS=59.64 7 1120 1125 5* 1268 1172
8* 400 497 6* 1335 1261
9 1313 1335 7t 1456 1368
236y 1 576 687 13 1748 1732
B2=9.84-10* 2" 42 45 14* 1452 1426
B3=3.8-10* 3 641 744 15 2126 2060
Nefi=54.6° 4* 141 149 16* 1869 1800
yeti=8.46° 5 758 848 17 2555 2426
T=1 6* 295 309 18* 2334 2203
RMS=85.49 7 928 999 19 3036 2822
8" 505 522 20* 2846 2631
9 1149 1198 T=2 2" 950 957
10* 769 782 3* 992 1001
11 1423 1443 4* 1049 1058
12* 1085 1085 5* 1120 1127
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[poxonxenust Tadamusr 1.

1 2 3 4 5 6 7 8
=8y 1 772 680 31 5900 5513
B»=0.1257 2" 32 44 32° 5509 5581
B3=3.8-10* 3 824 731 33 6573 6037
Nefi=57.94° 4* 108 148 34t 6187 6146
Yet=6.17° 5 917 826 T=2 2* 1170 1060
7T=1 6* 226 307 3* 1202 1105
RMS=173.19 7 1052 966 4* 1246 1167
8* 388 518 5* 1300 1232
9 1228 1150 6* 1365 1311
10* 592 775 7" 1440 1403
11 1445 1378 8" 1527 1504
12* 838 1076 9* 1624 1619
13 1705 1649 10* 1732 1741
14* 1126 1415 11t 1851 1875
15 2005 1959 12* 1981 2018
16* 1455 1788 13* 2122 2171
17 2347 2306 14+ 2273 2333
18* 1825 2191 15* 2435 2502
19 2730 2689 16* 2609 2683
20" 2235 2619 17 2792 2868
21 3155 3104 18* 2988 3065
22" 2685 3068 19* 3192 3265
23 3621 3547 20* 3411 3474
24" 3173 3535 21* 3635 3686
25 4129 4017 22¢ 3876 3906
26" 3700 4018 23" 4122 4127
27 4678 4504 24" 4386 4358
28" 4266 4517 25* 4652 4586
29 5268 5003 26" 4939 4825
30* 4869 5035 27" 5224 5063

Jnst Gosee MOAPOOHOTO MOHUMAaHMS (PU3UYECKOTO COICPIKAHUS PE3yJIbTaTOB, HAIO0 MPOAHAIN3U-
poBaTh 3HAYCHUSI MOJAENBHBIX MapameTpoB. OTMeTuM, 4T0 3¢ (EKTHUBHBIA MaccoBbIi napamerp, B2~1000
1, KBagpymobHas I Manysl Ha TpU Hopsaka OoJblle Mo BEeNMWYMHE, YeM OKTYHoJbHas Bs~
h’MeV, kBa, onbHas nehopma a opsaKa OOJbIIE MO BE €, YeM OKTymoJsibHas Bs~1
1. D10 O3Hayaer, 4TO KBaIpymoibHas JedopMalis SBISETCS NOMHHHUPYIOIMICH KOJUIEKTHBHOW
W’MeV1 D
(bopMoii, Tora Kak OKTyIoJIbHAs JedopMaus SBISETCS MAJIOW MONPAaBKOM. 3aMedeHo, 4To 3HaYeHus B, n
3, UCIIOJIb3YEMBIC B MOJICIIH, JIOKAJTM30BAHBI NPUOIN3UTENHHO B TIpeaesax tn 3,
Bs, Ucnons3yembie B MOJIE OKaJIN30Ba OIM3UTEIHHO enenax 1000 h?MeV? u 1 hi’MeV?
COOTBETCTBEHHO. OJTO O3HAYAeT, YTO IIOJHBII JHEPreTHYeCKUil MacIiTad KOJUICKTHMBHOTO JIBHIKCHUS
Pa3IMYHBIX S1ep, KOTOPBIE PACCMATPHUBAIOTCS B 3TOM ITOJXO/E, BIIOJHE OJHO3HAYHO OIIPEICIICH.
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KOJUIEKTUBHBIE COCTOSIHASI HEAKCHAJIBHBIX YETHO-YETHBIX SIIEP C
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AHHOTaALUA.

B oannou pabome npedcmasneno moolenvHoe onucaHue 3HepeeMmuyecKux ypoeweu yrast-, - u y-nonoc
CneKmpax nepemeHHO20 UYeMHOCINU MANCENbIX UYEeMmHO-YeMmHbIX sA0ep 8 pamMKax Heaouabamuiecko2o
KOJLIEKMUBHO20 N00X00d, NPUMEHAEMO20 8 CLyyae HeAKCUATbHBIX K8AOPYNOIb-OKMYNOAbHBIX 0eqh)OpMayul.
KiroueBble CJIOBa: KBaJPYIOJIbHBIC M OKTYIMOJbHBIC JCQOPMALUN; YIHEPTETHUCCKHIA CIIEKTPHI MEPEMEHHOM
YETHOCTH; HEaKCHATBHOCTEL (hOpMBI; Yrast-mosoca, - u y-moJsoca.

Brenenue

PeanpHblit HaOmogaeMblil CHeKTp BO30YKAEHHS Ie(OPMHUPOBAHHBIX SAEP COACPKUT YpPOBHHU,
VMMEIONIHe KaK BpamaTeIbHy0 IPUPOY, TaK U YPOBHHM, BOSHUKIIINE 33 CUET KOJUIEKTUBHBIX Konebanuit [1].
KonnexkTuBHbIE CHEKTPHI aKCHaJbHO-CUMMETPUYHBIX aTOMHBIX SI€p C KBaAPYIOJbHOW M OKTYNOJBHON
nedopMaIisiIMA XapaKTepU3yIOTCs BpallaTeIbHBIMU ITOJIOCAMU TiepeMeHHON YeTHocTH [2-7]. B pabote [7]
B paMKax HeaanabaTHUeCKOW KOJUICKTHBHOM MOJIENIM ONHKCAHbI MOCIEN0BATENLHOCTH SHEPIUil ypOBHEH
yrast- u mepBsIii-NON-Yyrast-mosoc nepeMeHHOW YeTHOCTH JAe()OPMHUPOBAHHBIX aKCHATIbHO-CUMMETPHUIHBIX
YETHO-YETHBIX SIIEP C KBAAPYNOJIbHBIMU M OKTYNOJIBHBIMU CTENICHSAMHU CBOOOBI B PEIKO3EMENBHBIX SIApax
150N, 1521545, 154Gd, 155Dy, 62164F i axTunmaax 252234236238 A p sapax 196158Gd, 229Ra, 222Th n 24°Pu
TaKke OBUIM JIOTIOJHHUTEIBHO OIHMCAaHBl SHEPreTUUECKHE YPOBHH BTOPOH-NON-yrast-mosioc. Cnemyer
OTMETHUTH, YTO B IKCIEpUMEHTax [1] MOKHO HaOMOAaTh SHEPTETHYECKUE 30HBI, KOTOPHIE HE MOTYT OBITh
00BSICHEHBI B PaMKax MOJIENEH siiep ¢ aKCHaIbHO-CUMMETPHUYHBIMUI MYJIBTUIIONIBHBIMHU eopManusimMu [2-
7]. Hanmpumep, CrieKTp ypoBHEH 3HEpTUH y-TIoJ10CH [§]. OTMeTnM, 4T0 B paboTe [4] OBLJI0 OlIEHEHO BIUSHUE
Y- #u 7m-gedopMmanmii Ha KOJUIEKTHBHOE [32-B3 nBmwxkenne. Ho ypoBHM sHeprum (- W y-Tionoc He
paccMaTpHUBaIUCh.

[TosToMy menbio HacTose paboThI sBIIsIETCA pa3pabdoTKa MOAEIHN aTOMHBIX SJep ¢ HeaKCHaIbHON
KBaJpYyMOJILHON M OKTYNONBHOM AedopManmsiMu. byaem paccuurars ypoBHM 3HEprum Yrast-, B- u y-nosioc
U CpPaBHMBAaEM C MMEIOIIUMHCA JKCIEPUMEHTaNbHBIMU AaHHbIMU [1]. Kak Oyzmer mokaszaHo HuKe,
MPOBEIEHHBINA aHAIN3 TIO3BOJISIET CHIENAaTh BHIBOJ 00 aKTyalbHOCTH (hopMaliu3Ma IpeACTaBIsIEMON MOJICITH.

MoaesbHblii popMaanzm
PannanbHas dacte ypaBHeHus Illpenunrepa mns raMunbTOHMaHa bopa ¢ KBaJIpyIOJBHOH H
OKTYHOJIbHOU JIehOpMalUsIMU UMEET CIICAYIOLINiA BH B MOJSIPHBIX KOOPAUHAT (0,g) [5]:

2 2 + + 2 .+ +
/5o, FIT (20) N GF,, (O') + h €|TZ +V(O')$ EVZ _ EIiT Flf(o-):O, (l)
2B oo o0o 4Bo o

+ o
EV --COOCTBEHHBIE 3HAUECHUS oreparopa I'amunbpTOHA JJIA YTJIOBOX 4aCTHU B MOJIAPHBIX KOOpJAWHATAX,

v=0,1,2,... KBaHTOBBIC UHCIa €-Koyiebanmii [5,7]. OTMETHM, YTO HATMYWE TYHHEJIBHOTO TIEpEX0ona IO
MOTEHIUANBHBIM  0apbepoM, pasfenstomuM  GopMmbl siapa 2 W Pz NPUBOAUT K PACIICTUICHHIO

v +
OCHUWIATOPHBLIX YPOBHCH. Bemmuuna Ev €CTh paCUICIUICHHUE ABYKPATHO BBIPOXACHHOTI'O V-T'O YPOBHA B
pPE3YyJIbTATC TYHHCJIBHOTO IMEpeXoaa MCEKIY (bOpMaMI/I gsApa € TIMPOTUBOIOJIOXHBIMU 3HAYCHUSIMU

o +
OKTYIOJIbHOW JiepopMalnu. &, -COOCTBEHHBIE 3HAYEHMs omeparopa l'aMWIbTOHA Ui TPEXMEPHOTO

KBaJIPYIOJIb-OKTYIIOJILHOTO poTaTopa [7], Tie HHAEKC T HyMEepYyIOT COOCTBEHHbIE 3HAUCHUS, OTHOCSIIINECS
K OIMHAKOBBIM 3HauYeHUsM |.
st petenust ypasHeHust (1) MOXKHO MpeaiokuTh noTeHiman V(o)
2
o O
V(o)=V,| —-22| - ()

0
o, ©O

Torna ypaBHenue (1) npuHUMAET CICAYIOMNN BH
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2 2+ + 2+ +
I TRo) Filo) | | He, (0 o) 2B g lk(s)=0.@
2B oo o0o 4Bo o, O o

Beezem crenyromiie 0003HaYCHHS:

X_4/28V0 .. _BVo, . _& g_ B Er.gi_@(‘“’o*'ﬁ)

= o°; 0 ST=—F+—+ S B = . (4)
ho, n 8 2 2 | AVA
Ms1 MokeM Tiepenucath ypaBHeHH (3) Kak
o 0 s° X

X 2+_ + Iz Iz
ox~ ox Xx 4

CoOcTBennbIe (QYHKIMH YpaBHEHUS (5) UMEIOT BHIT

X
Fi(x)=N_x"exp - F.(-n,25+1,x), (6)

rae No-koaddurment HopmMupoBkH, 1F1(-N,25+1,X)-BbIpoxk/IeHHAs THIIEpreoMeTprdecKas GyHKII,
n=0,1,2,... KBaHTOBbIE YHCIa G-KOJeOaHWH. BBIpakeHHs IS SHEPreTHYecKoro CIieKTpa ypaBHEHHS (5)
SBIISIETCS

2B

= _ 2 o1y %'_f'*‘Zgi?E: — 4V, (0

Elnvr =
29
371€Ch MBI BBOJMM CIIEyIOLIHe Hapamerpsl: i@ = 2V, / \J2Q u Af =29+ ZBEVi / h® . Torma

BeIpakeHue (7) MOKHO 3ammcaTth

El =ho|2n+1+ —4v,. (8)
BBIpa)KeHI/Ie JUISL BO36y>K,Z[eHHI>IX KOJICKTHBHEIX COCTOSTHUU
AE! =ho|2n+1+ —JA; |- 0)

+
B npencraBnseMoM mpUOMIMKEHUN MOATOHOYHBIME ITapaMeTpaMmu sBISoTCA: ho (B k3Bax), AV

(6e3pa3MepHbIe BEUYHHBI) U 3QPEKTUBHBIE TAPaMETPhI AeHOPMAIHH Vet H T)eft.

Ctpykrypa yrast-, - 1 y-10JIOC CIIEKTPax IMEPEMEHHOMN U 0IMHAKOBOU TSDKEJIBIX YETHO-UYETHBIX SIIEP
B paMKaX HeaJnadaTHYecKOro KOJUIGKTUBHOTO IMOAXO0JNa OINpenenstorcs: yrast-momoca mpu n=0, t=1, ¢
ocJIe10BaTeIbHOCTRIO0 ciHOB [=0%,17,2%,3",4*57,6%,...; y-nonoca npu n=0, =2, ¢ IOCIe0BATEIbHOCTHIO
cnuHOB [=2%,4*,6%,7%,8%,...; B-nonoca npu n=1, 1=1, ¢ nmocaenoBareapbHOCThIO cimHOB [=0%,2*,4%,6%,8%,....

B nmocnenHue roabl OCHOBHBIM HCTOYHMKOM IOJAYYeHHs HH(POpMAMU O BO30YXKICHHBIX
KOJIJICKTUBHBIX BBICOKOCIIMHOBBIX COCTOSIHUSX SBJISIOTCS PEaKIUM C TskensiMd uoHamu [1]. Takue
COCTOSIHAST B OCHOBHOM HAOJIIOJAIOTCSI B OCHOBHOH IOJIOCE CIIEKTpPa KOJUIEKTUBHOTO BO30YXKICHHS
TsKembIX saep. OHAKO B CHEKTPE Y-TMOJIOCHI MOYKHO HAOIIOAATh COCTOSIHUSI C OTHOCUTEBHO OONBIIMMU
3HaYeHUSIMHU CIIMHA YPOBHEH, T. €. B peaenax [=10+14.

2. YnciieHHbIE PAacueThl U CPABHEHHE C IKCIEPHUMEHTAIbHBIMH TAHHBIMH
B tabmune 1 mpuBeneHsI CpaBHEHUS PACCYMTAHHBIX 3HAUEHHI SHEPTETHUECKUX YPOBHEH yrast-, - u
y-monoc IByx u30TONOB siapa 628U ¢ skcrmepuMeHTaNbHBIMU JaHHbIME [1], BKIIFOYas COCTOSIHUS

= +
OOJIBIIMMMY CITHHAMU. B NEPBOU KOJIOHKE IPUBCACHBI SI/Ipa U 3HAYCHU S [IOATOHOYHBIX ITApaMETPOB: h(D, Av

, Yeff ¥ Teff TOJTy4E€HHBIE METOJIOM HAaUMEHBIIUX KBaJpaTOB, a Takke 3HadeHHs RMS (root mean square)
CpeAHEKBaAPaTUIHbIE OTKIOHEHUS PACCUNTAHHBIX 3HAUEHUH S3HEPTUH YPOBHEH OT MX SKCIIEPUMEHTAIBHBIX
JaHHBIX (B equHMLAX K3B). BTOpo# 1 maToii KoJOHKaX MpHUBEACHBI 3HAYCHUS CIIMHA YPOBHEH Yrast-, B- u
y-mostoc. TpeTbeil M IMIeCTON KOJOHKAax NMPHUBEACHBI PACCUUTAHHBIC 3HAUEHHS YHEPreTHYECKUX YPOBHEH
BBIIIIEyKa3aHHBIX TOJ0oC. YeTBepToi M ceAbMON KOJOHKAaX MPHUBEICHBI HKCIEPUMEHTAIbHBIE 3HAUEHUS
JHEepPreTHYecKuX ypoBHeii [1].
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Tabauna 1: CpaBHeHHUe TeopeTHYECKHX 3HAYEHMI JHePreTHYECKUX YPOBHeii yrast-, B- u y-moJioc
paccMaTpHBaeMbIX siiep € IKCIePHMEHTAIbHBIMM AaHHBIMH [1].

[Mapamerpsr I* Teopus DKL I* Teopus OKCILL
1 2 3 4 5 6 7
26 1 623 687 19 2875 2822
ho=1031 2" 43 45 20* 2641 2631
+_ 3 690 744 22* 3068 3080
AO 645 4* 144 149 24* 3543 3549
A; =744 5 811 848 26" 4035 4038
6* 301 309 28* 4543 4548
AI =47 7 982 999 20* 5063 5077
Yerr=0° 8" 509 522 0* 862 919
Netr=14.6° 9 1200 198 2" 914 966
RMS=30.6 10* 765 782 4* 964 960
11 1463 1443 6* 1031 1035
12* 1065 1085 8* 1114 1050
13 1765 1732 10* 1212 1164
14* 1404 1426 2" 965 957
15 2104 2060 3* 1004 1001
16* 1778 1800 4* 1056 1058
17 2475 2426 5* 1121 1127
18* 2183 2203
[ponosxenns Tadmusl 1.
1 2 3 4 5 6 7
28y 1 525 680 34* 6046 6146
ho=1002 2" 43 44 0* 861 927
A =61 3 594 733 2* 912 930
0 4* 144 148 4* 963 966
A; =69.2 5 715 826 6* 1030 997
6* 300 307 8* 1113 1056
A =445 T 887 966 10° 1212 1164
Yerr=1.39 8" 508 518 2" 1099 1060
Nef=13.5° 9 1106 1150 3* 1137 1105
RMS=49.7 10* 763 775 4* 1188 1163
11 1368 1378 5* 1252 1232
12* 1061 1076 6* 1327 1311
13 1671 1649 I 1414 1403
14* 1397 1415 8" 1513 1504
15 2009 1959 9* 1622 1619
16* 1767 1788 10* 1744 1741
17 2378 2306 11* 1872 1875
18* 2167 2191 12* 2018 2018
19 2775 2689 13* 2162 2171
20" 2592 2619 14* 2330 2333
20 3196 3104 15* 2488 2502
22* 3040 3068 16* 2678 2683
23 3638 3547 17* 2846 2868
24* 3506 3535 18* 3059 3065
25 4098 4017 19* 3234 3265
26* 3989 4018 20* 3470 3474
27 4574 4504 21* 3648 3686
28* 4486 4517 22* 3908 3906
29 5064 5003 23* 4086 4127
30* 4995 5035 24* 4371 4358
31 5567 5513 25* 4544 4586
32* 5516 5581 26" 4856 4825
33 6081 6037 27" 5020 5063

B nanHoii paboTe npeCcTaBIeHO MOICIbHOE OMMCAHUE YIHEPTETUUECKHX YPOBHEH Yrast-, - u y-moJoc
CHEKTpax MEePEMEHHOT0 YETHOCTH TSDKENBIX YETHO-YETHBIX sIep B pamMKax HeaguabaTU4IecKoro
KOJIJICKTUBHOT' O noaxoaa, MMPUMCHIACMOI'O B cirydac HCAKCHUAJIBHBIX  KBaJPYIOJb-OKTYIIOJbHBIX

nedhopMartuii.
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M.C. Haoupéexos', A.H. Temupoe’, M.A. Tynamemos®
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STawkenmeruii XumMuKo-mexHoI02u4eckuti UHCmumym,
TamxkenT, 100011, Y36ekucraHn.

AHHOTAIIHA.

Paccmompena 603moacnocmy onucanusi KOAIEKMUBHBIX 8030YHCOEHUL NOLONHCUMENbHOU U OMPUYAMENbHOU
yemHocmu 0egOPpMUPOBAHHLIX UEeMHO-YeMHbIX s0ep C K8AOPYNONIbHOU U OKMYNOIbHOU Oedhopmayusamu.
Ypasuenue Ilpeounzepa ons nomenyuanog laycca u 2apmonuueckozo OCYUNIAMOPA PEUleHo Memooom
modenu Jasvioosa-HYabana. Ymo obecneuusaem cxoonvlie aHANO2UUHBIE BbIPANCEHUS C OOUHAKOBLIMU
0003HAYEHUAMU, NO36ONAIOUWUL AOEKBAMHO CPABHUBAMb KOHEYHble pe3yibmamul. V3meHeHus no8epXHOCmMHOU
Ooeghopmayuu s10pa npu KOIIEKMUBHOM 8030YHCOEHUU YUMEHO.

KurroueBble cj10Ba: KBAJAPYIOJIbHBIE 1 OKTYIIONbHEIE AeOpMaNHii; JHEPTeTHIECKUIA CIIEKTPHI [IEPEMEHHOM YETHOCTH;
yrast-rosioca; nepBblii NON-yrast-nonoca.

1. Beenenue

PaznuyHbIe KOJUIEKTUBHBIE SBICHHS, HAOIIOAaeMble, B TSHKETBIX aTOMHBIX Spax CBA3aHbBI C HAIU-
YHUEM PABHOBECHBIX KBAJPYMOJbHBIX W OKTYMOJIBHBIX JehopMaiuil. DHEPreTHYSCKUE MOJIOCH Bpalla-
TETbHO-KOJIe0aTEIPHOTO CIEKTpa C MEPEeMEHHONW YEeTHOCTH XapaKTepU3YIOTCS B UETHO-YETHBIX AOpax C
KBaJIPYIOJIb-OKTYOJIbHON KOJUICKTUBHOCTBIO [1-5]. PasznuuHble TeopeTHYeCKUEe MOJIENU ObLTH pa3pado-
TaHbI 11 OOBSICHEHUS W ONMKCAaHUs (hOPMHUPOBAHUS ITOJI0C TIEPEMECHHON YETHOCTH “JKECTKHX H “‘MATKUX
pekUMax OKTYHOJIbHON KOJUIEKTHBHOCTH [ 1]. OCHOBHOM CTPYKTYpHOU OCOOSHHOCTBIO TI0JI0C TIEpEMEHHON
YETHOCTH SIBIISIETCS TO, YTO IOCJIENOBATEIHbHOCTh YPOBHEH OTPHUIIATEIHHON YETHOCTH CMEIIeHa BBEPX
OTHOCHUTEIHHO YPOBHEH IMOJIOKUTENFHOW YETHOCTH W3-32 TyHHEIHPOBAHHS aCHMMETPHUY-HOW (POopMBI
CHUCTEMBI MY JBYMS IPOTHBOIIOJIOKHBIMHA OPUEHTALUSAMH BIOJIb TJIABHOM OCH cuMMeTpuH [6].

B nanHO#l pabote wmcchemyercs QopManv3M, YYUTHIBAIOIIEe H3MEHEHHE OSHEPTUW YpOBHEH
BO30YKJICHHBIX KOJUICKTUBHBIX COCTOSHHIA BpalaTeIbHO-KOJIe0aTeIbHBIX MOJIOC 3@ CUET MOBEPXHOCTHBIX
KoJieObanwii [7,8]. YcnoBue TMHAMHYECKOTO PABHOBECHSI OTHOCHUTEIIBHO KOJICOATEIbHBIX M BpaIlaTeIbHBIX
CTerneHel cBOOOIbI HAKJIAbIBACTCA Ha BO30YKICHHBIC COCTOSIHUS JUIS KaXJOTO YIJIOBOTO MOMeHTa [7].
Hcxons uz aToro, mpeaiaraeTcs HOBasi mapamMeTpu3aIisi MOIEIbHOTO TaMIIIBTOHNaHa, 00eCieurnBaronee
JIy4Iliee OMUCAHKUE CIICKTPOB MEPEMEHHOM YETHOCTH B TSDKEIIBIX Y€THO-YETHBIX sipaX. CIEKTp U BOJHOBEIC
(YHKIIMH, COOTBETCTBYIOIINE BO30YKICHHBIM I10JIOCAM IEPEMEHHOM YE€THOCTH, MOJIy4EHbI B COOTBETCTBUHU
¢ moxenwto JlaBeiioBa-Habana [7,8].

2. Paguanbnoe ypaBHenue llIpenunHrepa u MmoaejbHbIE MOTEHINAJIBI.

Pamnanphas wacte ypaBHenus lllpenmnrepa st rammnpToHMaHa bopa ¢ KBaapymonbHOW |
OKTYMOJBHOW IepopMalusIMUA UMEET CICAYIOIIUIA BH/] B OJISPHBIX KoopauHart (o,€) [3-5]:

n| d? d d? h2|(|+l)
Top 7T Tt 2|t 2
2B|do” odo o'de 6Bo
rae B-maccoBbiit mapamerp, l-ciun smpa, V(o,€)-OTeHIMANbHAs SHEPTHs KBaJPYIMOIbHBIX H
OKTYIOJIBHBIX KOJIEOaHNH MTOBEPXHOCTH SIIpA.
Yrobbl peumth ypaBHenuto I[llpeamnrepa (1) Mbl paccMoTpum jaBa Buaa noTeHnumana V(o):

[Hotennman I'aycca W rapMOHMYECKOro oOCLULUIATOpa. IloTeHIManm rapMOHMYECKOTO OCHULIATOPA
ompeessieTcs Kak

+V(o,&)-E |t ®;(0,e)=0- (1)
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rae Cs- U Go-TlapaMeTp KECTKOCTH W TOJIOKEHHE MHUHHMyMa B TIOTEHIMATHLHOW SHEPTHH IS
KOJ'IC63HI/II71 O COOTBETCTBCHHO, a VO'HOTGHHI/IZUIBHEUI OHEpTrrsd B OCHOBHOM COCTOSIHUHM Jid IMOTCHIIHMaJla
laycca.

Bripaxenue 1y1s1 ypoBHEH 9HEPTHH B Cllydae MOTEHIINANIA TApMOHUYECKOTO OcHyuIsITopa (2):

4

E' =ho (qj+%j 1+ pi [1(1+2)F3e% ]+

lva,
lv

J{/Jﬂ'(”l)ﬁ'f}l(pi—lj (@)
P 6 2 | 20 wu

31€Ch P YAOBJICTBOPSECT CICAYIOIIEEC pPaBEHCTBO:!

(pL) (P D)= | =527 | ©
rae
h? o 2B
4: , + — lv Zl’g'i:—gi, 6
# o CBo T, T e

TAC U - ITapaMeTp HCaI[I/Ia6aTI/I‘IHOCTI/I, OH OIIPCACIIACT )KECTKOCTDh Y/WITH MATKOCTh MOBCPXHOCTH AJApa
OTHOCHUTENBHO G-KOJIe0aHuil 1

L = u 1+pi[|(|+1)$2g';] (1)

DHepPreTHUeCcKuii CIIeKTp ¢ oTeHnuanom ['aycca (3), moyrydaum B BUE:

2 2 -3
I(1+1 "
cr o[£ LT o0 v (1),
v P, p, —1 6 2 | ho 2

- [1_2(p'v‘1)2}9XP[—(P.V—1)2]+(pi}4[|(I+1)¢g'; . 8)

lv

C paBeHCTBaMH JyTs MoTeHIrana (3)

(p)' (i ~2)exp| ~(pi -1)' | = a w”t - ©

4

=3[ 1-2(p,, ~1)" Jexp| ~(p,, 1) |+ pi [1(1+1)F3¢%]} (10)

lv

+
KBanroBoe uncio ( B (4) u (8) ABIAIOTCA KOPHAMH TPAHCIEHAECHTHOTO YPABHEHHUS

o LT Y B CEN
A

yIIOBIICTBOPSIONINE TPAHUYHBIE YCIOBUS IS BOTHOBBIX QYHKIHH [7].

Hi

CooTBeTcTBYIOUINE BRIPAKEHHS U1l SHEpruil ypoBHel (4) u (8) 3aBucar: how, & | u p. Koropsie

1+
v
+

SIBIIIOTCS TIOATOHOYHBIMH TTapaMeTpaMy I KaXI0oro moTeHnwana: ho (B kaB); u; & . u 6"6 (yrast-

0
nonoca); &', u &' (mepBbiit non-yrast-nonoca). Ormernm, uro &', > &' [5].

[Ipu pemennn paBHenue Llpenunrepa BeiOpan yHUPHUIMPOBaHHBIN 0AX0[ [7,8], 4TOOBI COXpaHUTh
00paboTKy JaHHBIX JJIsi 00OMX TOTEHIMAJIOB Ha OJHOM W Toi ke ocHoBe. OH 0OecreyuBaeT CXOJHbIC
aHaJIOTMYHbIEC BBIPAKEHUS C OJMHAKOBBIMHU 0003HAUEHHUSIMH, TIO3BOJISIOIIMMH HaM a/IeKBaTHO CPaBHUBATh
KOHEYHBIE pe3ysbTaTbl. MBI CUUTaeM, YTO HBIHEIIHSS apaMeTpU3alys 000X PEICHUH /I OTEHITUAIIOB
rapMOHHYECKOI0 OCLWIIITOpa M laycca sBisercs ¢u3muecku Oojee aKTyalbHOH M, CJIEZOBATEIbHO,
MPUMEHSET €€ JJIs OMMCAHUIN MOJIENCH, MPEICTAaBIICHHBIX B TaHHOW paboTe.
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3. YnciieHHbIE Pe3yabTATHI H CPABHEHHS € IKCIEPHUMEHTATbHBIMH TAHHBIMH.
IIpoBenen pacueT sHEPreTUUECKUX YPOBHEW Yrast-mosioc u mepBblid NON-Yrast-moyioc nepemMeHHoN
YETHOCTH I J1eOPMUPYEMBIX aKCHAIbHO-CUMMETPUYHBIX 4€THO-4eTHBIX saep °°Nd, 154Sm, 154160Gd,

162,164F, 232Th, 230.236238 MpI mOJTyY MM XOPOILKE PE3YIIBTATHI [JIs BCEX PACCMOTPEHHBIX S/IED.

B Ttabm. 1 s mpuMepa MNpEeACTaBICHO CPAaBHEHHE PACCYMTAHHBIX 3HAYEHHH HYHEPreTHYECKHX
YPOBHEH MEpeMEHHOH YEeTHOCTH il Ae(OPMHUPYEMBIX aKCHAIbHO-CHMMETPHUYHBIX YETHO-YETHBIX SAEp
150Nd, 15Gd u 28U ¢ skcnepumenTtanbHbIME qaHHbIME [9] (cTonGen 8). B cronbuax 1 u 5 mpeacraBieHsl
sapa U napamerpsl Moaenu i (4) u (9), CoOOTBETCTBEHHO, a Takke 3HaueHus RMS (root mean square)
CPEHEKBaJAPATHYHBIX OTKJIOHCHUH DPAaCCUNUTAHHBIX 3HAYEHWH JHEPTrUM YPOBHEH OT HMX JKCIEPHMEH-
TaJbHBIX JIaHHBIX. BO BTOpOM cToj0IIe mpeacTaBiIeHbl 3HAUYCHUS CIIMHA SHEPTUH YPOBHEH NepeMEeHHOI
4eTHOCTH. B cronbuax 3 u 6 npencraBieHsl KOPHU TpaHCLEHAEHTHOTo ypaBHeHus (11). A paccuutaHHBIE
3HAYCHUS PHEPTHU YPOBHEH BO30YKICHHBIX KOJUIEKTHBHBIX COCTOSIHHU ISl TOTEHIMAIBHBIX SHEepruu (2)
u (3) mpeacTaBiieHb! B cTod01ax 4 U 7, COOTBETCTBEHHO.

Ta6auna. 1. CpaBHeHUe TeOpeTHYECKUX 3HAYEHH I JHepreTHYECKUX YPOBHeii yrast u mepBplid NON-yrast moJioc

1J1 BbIpaxkenuii (4) u (8) ¢ 3xcnepuMeHTATBHBIMH AaHHBIMH [9].

IMapamerpsr | £ + (2) IMapamerpsr + 3 Oxcer. [9]
4 qV qV
1 2 3 4 5 6 7 8
150Nd 1 1.810° 817.7 150Nd 3.3-10% 812.1 852.9
ho=682 2" 24108 1324 ho=791.8 6.0-10" 126.6 130.2
p=0.4127 3 1.2:10°% 946.8 p=0.3751 2.2:10°5 941.6 934.9
' * 1073 ' 10%
& 320.06 4 1.2-10 3913 c 320.06 1.7-10 380.2 3814
— - 10° — 105
g" =113 5 6.4-10 1164.3 &' =1568 1.2:10 1158.4 1129
RMS=20.76 6" 5.6:10% 7253 RMS=24.56 4.4-10% 7135 7204
T 3.3-10 1452.4 5.9-10® 1443 1432.6
8* 2.5:10% 1109.1 1.4:10°5 1097.2 1129.7
& -I ~0.06 0 1.03774 686.5 & -I ~0.06 1.02552 653.3 675.4
& -1— 773 1 1.02268 1313.3 & -1— 773 1.00218 1313.8 1283.9
2* 1.02427 836.4 1.01216 841.1 850.7
3 1.01549 1492.5 1.00124 1486.8 1482
4* 1.011383 1162.6 1.00354 1172.9 1137.8
154Gd 1 2210 1034.2 154Gd 3.4-10°® 1026.1 1241.3
h®=929.3 2" 2.9-10% 1195 ho=1100.6 4.9-10° 1147 123.1
u=0.342 3 1.6-10* 1172.2 p=0.3058 2.6:10°° 1163.3 1251.6
' + 104 f .10°
& 3:0.274 4 1.7-10 3813 & 3:0.147 2.1-10 363.2 371
— - 105 — 106
£"=9.79 5 9.9-10 1408.8 &' =208 1.6:10 1401.4 1404.1
RMS=68.92 6" 9.4-10° 741.2 RMS=85.1 7.6:10°® 715.6 7.7
T 5.6:10° 1728.9 9.1:107 17245 1674.1
8* 4.9-10% 1171.8 2.83:10° 1146.1 1144.4
9 3.1-10° 2117.9 4.8:107 2118.2 2040.5
10* 2.5:10° 1655.9 1.1-10°® 1635.8 1637.1
11 1.6:10° 2563.3 2.6:107 2568.7 2482.3
12¢ 1.3-10° 2182.3 4.5:107 2170.3 2184.7
13 9.1-10°® 3054.9 1.4:107 3063.9 2981.3
14* 7.2:10°® 2742.9 2.1-107 2738.5 27713
15 5.1-10°® 3585.1 8.4-108 35934 35195
16* 4.0-108 33321 1.1-107 3331.3 3404.4
17 2.9-10°® 4147.6 5.3-10® 4147.8 4102
18* 2.310° 3945.6 6.1-10® 3940.7 4087.1
IIpononxenue Tadanub 1.
1 2 3 4 5 6 7 8
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c -;r —3145 0 1.01341 707.2 c -;r 485 1.00422 710.7 680.7
c 'I —3931 1 1.00417 1412.8 c -l— —487 1.00046 1476.6 14144
2* 1.0083 758.7 1.00239 888.7 8155
3 1.00303 1617.9 1.00028 1670.6 1617.1
4* 1.00342 1068.5 1.00086 1238.2 1047.6
238y 1 2.5-107 554.9 238y 24108 575.1 680.1
ho=894.9 2* 2.8-107 46 ho=994.3 7.9-108 44.8 449
n=0.2207 3 2.3-107 623.9 1=0.206 2.1-108 642.3 731.9
+ 107 .10-8
c -g ~0.19 4 2.4-10 152.7 c -g —0.824 6.1-10 147.8 148.4
_ - 107 _ .10-8
c -0 1231 5 1.9-10 7459 c -0 —25 512 1.7-10 761.5 826.6
RMS=49.4 6* 2.0-107 315.2 RMS=68.18 4.2-108 305.7 307.2
T 1.6:107 917.6 1.2:108 929.9 966.3
8* 1.5-107 528.2 2.7-108 513.9 518.1
9 1.2-107 1134.9 8.7-10° 1144.2 1150.7
10* 1.2:107 786.1 1.7-10°® 768 776
11 9.1-10°8 1393.6 5.8-10° 1400.7 1378.8
12* 8.4-10°® 1083.6 9.9-10° 1063 1076.7
13 6.7-108 1689.5 3.810° 1695.4 1649.3
14+ 6.1-10°8 1416.1 5.9-10° 1394.6 14155
15 4.9-108 2018.9 2.5-10° 2024.9 1959.3
16* 4.4-10® 1779.7 3.5-10° 1758.9 1788.5
17 3.6:10°8 2378.5 1.6:10° 2385.7 2306.8
18* 3.2:108 2170.9 2.1-10° 2152.2 2191.2
19 2.6:108 2765.2 1.1-10° 2774.6 2689.5
20* 2.3:10°8 2586.9 1.3-10° 25715 2619.2
21 1.9-108 3176.4 7.0-1010 3188.7 3104.3
22* 1.6:10® 3025.1 8.3-1010 3013.9 3068.2
23 1.4108 3609.8 4.7-1010 3625.5 3547.7
24* 1.2-108 3483.5 5.3-1010 3476.9 3535.3
25 1.0-10® 4063.5 3.2:100 4082.5 4017
26* 8.8:10° 3960.2 3.5-1010 3958.3 4018.1
27 7.4-10°° 4535.6 2.2:1010 4557.6 4504
28* 6.5:10° 4453.6 2.4100 4456 4517
+
E'I —0971 0 1 8924 E'I —3345 1 927.9 927.2
c -1— -0.415 1 1 940.6 c -1— =342 1 11141 930.6
2* 1 942.7 1 978.9 966.1
3 1 1027.2 1 1194.9 997.6
4* 1 1063.1 1 1095.4 1056.4

B macrosimiedr paboTte paccMaTprBaeTCs MOJEITBHOE ONHMCAaHUE CIEKTpa dHEPTreTHUECKHX yYPOBHEH
MEPEMEHHOM YeTHOCTH BhINICYKa3aHHBIX MOJIOC B paMKax Head1nadaTu4ecKoi KOJUICKTUBHOM Moaenu [7].
VYpasuenue lllpenunarepa (1) mis morenmumamoB [laycca W rapMOHHYECKOTO OCHHIUIATOPA PEIIAIOTCS
MetosioM Monenu JlaBeoBa-Uabana [7,8]. DTOT MeTO MMEN XOPOIIWE YCIIEXH B ONMUCAHWH CIEKTPOB

KOJIJICKTHUBHBIX

BO3OY)KIICHUU TIOJIOXKUTEIIBHOW YETHOCTH B TSDKENbIX sapax  [8].

N3menenus

MOBEPXHOCTHON nedopManuu sapa NpU KOJUIEKTUBHOM BO30YKICHHUHM YuuThIBaloTcsa. Kpome Toro,

+ v
3HAYECHMS KBaHTOBOTO uncna (| kak pemrenust ypaBHeHus (11) Obumd momydeHsl ¢ XOpOLIEH TOUHOCTBIO

*
JUIst 060MX MOTEHIMANIOB. OTH 3HadeHust (| OyleT MCIOIb30BaHbl ISl ONMCAHUS JPYTHX XapaKTEPUCTUK

KOJUICKTHBHBIX COCTOSIHUH paccMaTpuBaACMBbIX A0€P.

CHHCOK JUTepaTyphl:
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MOHTE-KAPJIO MOJEJb JJs POXJIEHHS TPEX a-YACTHII B
C2n —B3AUMOJIEMCTBUSAX TP DHEPTUU HEVTPOHA 14 MDB

B. B. JIyrosoii, K. OnmumoB, K.I'. I'ynamos, X.K. OnumoB

Qusuro-mexnuueckuti uncmumym Axademuu Hayk Pecnyonuxu Y3bexucman,
Tamkent 100084, Y36ekucran, E-mail: lugovoil95713@mail.ru

AHHOTANUA

B npoyecce C*?n —s3aumooeticmeus npu suepauu netimpona 14 MaB npeonazaemcs Moume-Kapno mooens
0711 Yemulpex KaHAI08 pacnaod 8030yi0eHHO20 A0pa yenepood Ha mpu & —yacmuysl. Pesyromamor Monme-
Kapno pacuema nenioxo onucwisaiom sKChepuUMeHMAnbHbie OAHHbIE NO PACHPEOCNeHUIO Veld MeNCOY
MPeXMePHbIMU UMHYAbCAMU CeX NaAp & —YACmuy cOObIMUSL, N0 PACHPEOENEHUIO Y2ild MeNCOY NPOEeKYUIMU
BEKMOPOB UMNYILCOB 8CEX NAP A —YACMUY COObIMUSL HA KANCOYIO U3 KOOPOUHAMHBIX NIOCKOCMEL, N0 CyMMe
KUHEMUYEeCKUX SHeP2ULl 6cex nap & —uacmuy cooblmusi, N0 pacnpedelenuro RPOeKYull UMRYIbCd & —4acmuy
Ha Koopounamuule naockocmu. Haunyuwee coenacue Moume-Kapno pacnada c sxcnepumeHmanibHuiMu

OanHbIMU docmueaemcs, eciu npsamou pacnao C 12" 530 u pacnad uepes 00pa308aHue NPOMENCYMOUHO20
a0pa Gepunnus CY?" — a + Be® = 3a  cenepupyomces pasnoseposmuo, a snepeuu 6036yxcoenusn 3.04
M>3B, 1.04 M3B u 0.1 MsB ons sdpa bepunnus eenepupyiomcs ¢ omuocumenvuoimu eecamu 75, 15 u 10
coomeemcmeenno. [l Oonee MOUHBIX OYEHOK HeoOX00UMO Oblio Obl 8 IKCHEPUMEHME UCKIIOYUMD
CAYHAUHYIO  HEONpPeOeleHHOCHb 6  HANPAGIEHUU  UMRYIbCA — HEeUMmpOHa-cHapada — 6Hympu — yeid
+45°muocumenvho ocu z , napanienvHol NOGEPXHOCMU OMOIMYIbCUU, 8 KOMOPOU HAXOOUMCSL ATOM
yenepooa.

KnioueBnie ciioBa: anpda-kinacrepHas cTpykrypa, Monrte-Kapio Monens, pacnan sapa

1. BBenenue

HccnenoBanue neraneil B3aMMOJEHCTBUS 3JEKTPUUYECKH HEUTPaTbHOTO HEUTPOHA C SAIEPHBIM
BelecTBOM [ 1], Koria HEUTPOH HAUMHAET B3aUMOJCHCTBOBATH C MOKOSAIIUMCS SIIPOM, IBUTASICH C SHEPTHUEH
OJM3KOM K YHEPTHH CBSI3W HYKJIOHOB A/Ipa, MOYKET OBITH TIOJIE3HBIM ISl TEOPHUH SAEPHOTO B3aNMOICHCTBHS,
JUIS CO3JIaHMsI TEOPHH KOH(DAWHMEHTA, a TaKXKe JUIs MPOBEPKU TUIIOTE3bI O BO3MOXKHOCTH CYIIECTBOBAHUS
a —KJIACTePHOM CTPYKTYPHI s1pa, KOTrAa CIOXKHOE SApO (Hampumep, sIpo aroMa yriepoja), BO3MOXKHO,
KOPOTKOE BpeMsl CyIIECTBYET KaK COBOKYITHOCTh KJIACTE€POB, K&XKIbI M3 KOTOPHIX ABJIAETCS AIpoM Ooiree
JIETKOT0 3JIEMEHTa (HaIpuMep, Teirs, Ha3bIBaeMoro @ —kiactepom). [loatomy pe3ynabTarhl MPOBOIUMOIO
B HACTOSMICH paboTe UCCIIeIOBAHUSI MOTYT OBITh IPUMEHEHEI TIPY PEIICHUN OTTUCAHHBIX TIPOOIIEM.

B [2] mpencraBneHsl x,Yy,Z —mpoeKkmuH ais TpEX « —dvacTtul] B KaxaoMm u3 400 coOwrtuit
C12n —coynapenuii, B KOTOPBIX HEUTPOH ¢ sHepruell 14 MaB HaseTaeT Ha nokosimeecs B (OTOIMYIbCUH
anpo yraepona C2. Ilpu 5ToM BEKTOp MMITYIIbCa HEHTpPOHA HANpaBJIEH He MapajlelbHO MOBEPXHOCTU
(hOTOIMYITBCHOHHOTO CIIOSI, & OT COOBITHS K COOBITHIO MEHSET CBOE HAIPABIICHHUE CIIYIalHBIM 00pa3oM B
npenenax yriaa 909, GuccekTpruca KOTOPOro napauiesibHa MIIOCKOCTH TIOBEPXHOCTH SMYIIbCHH.

MsI IpOBEpUM THIIOTE3Y, YTO IKCIIEPUMEHTAIBHO HAOIIOJIaeMble @ —YaCTUILI MOTYT POXKIAThCS
COTJIaCHO JIBYM PEaKIIHsIM

C2+n->C? +n' >Be® +a+n"->3a+n , wy =05, (1)

C24n- €2 4+n' »3a+n" w, =05, (2

rae Be® : —BO030YXKJICHHOE AAPO OCPUILIHS, W1, W, —OTHOCUTEIILHBIC Beca JUIsl peain3alii JaHHOTO
KaHana. B Harmmx BeraucineHusx kanansl (1) u (2) reHepupoBairch paBHOBEPOSTHO. Macca Bo30YK/IEHHOTO
sampa Be8” oTIpesieNsIach Kak CyMMa Macc IBYX @ —YacTHIl U HEPTUH BO30YKIEHHS, KOTOpas MpUHNMAla
snayenus 0.1 MaB, 1.04 M3B, 3.04 M3B , BeiOupaBmviecs B OTHOIIICHUT

West s Walt :wg*=10: 15:75 . 17

Jnist KakIoro SKCIEPUMEHTANbHOTO COOBITHSI B Ja0OpaTOpHOW cHCTEME MBIl PacCUMTHIBAIU
KOMITOHEHTHI HMITYJIbCA CUCTEMBI IIEHTPa Macc TPeX & —YacTHIl M UX HHBApHUAHTHYIO Maccy (TO €CTh Maccy
BO30YKJIEHHOTO sfipa yrieposa C12 *). Jng aTux 3HaueHWH Maccel U MMITyNbca MBI 50 pa3 reHepupyem
pacnax (1) wim (2) ¥ MepeBOANM SHEPTHH U MMITYJILCHI CTCHEPUPOBAHHBIX @ —YACTHUIl B JaOOpaTOpPHYIO
cuctemy. Takum oOpazom, ucnons3ys 400 skcrnepuMEHTalIbHBIX cOOBITHH, MBI creHepuposamu 20000
Monte-Kapio coOsITHH, aITOPUTM TeHEPaITnH KOTOPHIX H3JIOKEH B CIEAyIOMeM maparpade.

2. lenepauusi U30TPOMHOIO pacnajga
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OIHILIEM aIrOpPUTMBI H30TPONHBIX pacrianos C12° — Be® + a, Be® - 2a, €12 - 3a B cucreme
T0KOS! pacajaoleiicss yactuubl. Haunewm ¢ omucanus pacnaga C12° — Be®” + a . Cuauana nepeiineM B
cucremy mokost C12°.

Ocb Z; n1aboparopHoi cucteMbl KjIIOBEpHEM BIOJb UMITYJIbCA }_’; aapa C 12% g nabopaTtopHoOn
cucreme. [lomyuum ock Z* HOBOW cucteMbl K* , B KOTOpPOil OCh J* BHIOMpAETCs Kak BEKTOPHOE
npomssesenne y* = Z* x 7. Ilepexon w3 K* B cucremy K mokos pacmaparomieiics wactuipl C12°
ocymectsisercst JIopeHI-gakTopoM Y. U CKOPOCTHIO [, BEIYUCISIEMBIMH 110 PprIMysiamMm

B f .2
ﬁc:%' yc:;_i , Ec= (Pc) +Mg : (3)
Ipu reneparyn pacuaga C12° — Be8” + a B cucreme K nokos C12° sueprus E, v ummyibc P,

@ —Y4aCTUIBI ONPEACITIAIIUCH 1O (1)OpMyJ'IaM
MZ+m2-M?
¢ @ Be

Eo=—Gp ., R=yEZ-mi , (@

rae M, g+, My —Macchl BO3OYKICHHOTO sjipa OEPUIIUA U @ —YACTUIBI COOTBETCTBEHHO. [lyist
H30TPOIHOTO pacha/ia TeHepalus MOISPHOTO U a3UMYTAIbHOTO YIIIOB OCYHIECTBISUIACK 1O (hopMyiaM
cosd=1-2r, , @=2n1r, , (5)

raer;, 1, —Cily4YaifHe 4Yuclia, paBHOMEPHO pacnpeneneHHbie Ha oTpeske (0; 1). [Tocie atoro MokHO
OTIPEACTUTh KOMIIOHCHTHI UMITYJIbCA O —4aCTHIIBI

Pox = Pycos@ sin@, Py, =F,sing sind, B, =F, cosf. (6)

B cucreme K KOMIOHEHTBI HMITy/Ibca siApa Be® HMEeIoT pOTHBOIOIOKHBIH 3HAK.

Hanee ¢ nomomipio mapamerpoB fS., V. (cM.(3)) xommnoHeHTH (6) UMIyJIbCa « —YaCTHIIBI
npeobpazyroTcs u3 cuctemsl K moxos sipa C 127 cucremy K™ cornacHo npeoOpaszoBanusm Jlopenia

wz = Ye(Paz + Bc Eq) + Pax = Pax ;y: ay
Eq =V(Eq + Be Paz) - (M

3areM KOMIIOHEHTBHI WUMIYJbhCa ( —YAaCTHIBI MPEOOpa3yroTcs U3 cuctemMbl K™ B 1abopaTopHYIO
cucremy K; mo gpopmymam [3]

PL.=-P;, cosB, cosq, - Pyy singg - Py, sinf; cos ¢,

PaLy: - Ppx cos 6, sing. + B,y cos@. - Py, sinf. sin @, 8)
PL= P} sin6,— P},cosf, |,
rue

cos @, =-Poy | [P5 +P5 ,sing.=-Py | |P5+P5 |

cosf.= -P, /\/ P54 +P5+P5 . sinf,=,1—(cosf)? . 9)

3necy Fey, Py,
nabopaTtopHoit cucteme Kj (cM. mpensaynmii maparpad). SIcHoO, 9TO MOBOPOT Oceit KOOPIMHAT HE MEHSET

SHEpPruy YacTHIIBI , TO ecTh E; = Ej .

- *
P., —5TO KOMIIOHEHTHI MMIyJbca P, B0O30OyxkIeHHOro sapa yriepoga C1? B

IMo ananoruu ¢ pacnagoMm C12° — Be® + a renepupyercs pacrax Be® — 2a B cucreme mokos
Be®", a 3aTeM UMITYJIbCHI M SHEPTHH POKACHHBIX B TOM PAaclafe (@ —4acTHUIL IEPEBOSTCS IO AHATOTHIHM
dopMyam cHauana u3 cuctemsl mokost Be® B cucremy mokost C12°, a mOTOM — B 1a60OPATOPHYIO CHCTEMY
[Tpu 5TOM ClleyeT yuecTb, 4TO IpH HEPEBOAE MPOESKIMH UMITYJILCOB MMPOAYKTOB PACaia U3 CUCTEMBI ITOKast
supa Be8'B cucremy mokos supa C12" s Beramcrenns JlopeHi-(akTopa M CKOPOCTH CHCTEMBI IO
dbopmynam (3) u ompezeneHns YrioB MoBopoTa 1o dopmyidaMm (9) HYKHO HCIIOIB30BaTh MPOESKIINN
umybca sapa Be8 B cucreme nokost spa €127, a He npoekiun uMmyibea supa C12° B naGoparopHoi
cucreme Kj .

Pacmax C12" = 3a TEHEPUPYETCSI U30TPOIHO B cucTeMe MOKos € 12% 10 ecTh I KaxI0i 13 TpEX
@ —4acTHI] 110 3aKOHY ['aycca He3aBMCMMO I'€HEPHPYIOTCS TPU KOMIIOHEHTHI UMILYJIbCa Fyy, Pyy, Py, 110
dhopmyiie

Pax(y,z) = cos(2 mtry) V2 log(r,) gauss )

TIe 17, p-CIydaiHbIe rciia, paBHOMEPHO pactpeneneHusie B otpeske (0,1) 1 04 4yss - 2TO TApAMETP,

TOYHOC 3HAYCHUC KOTOPOI0, OAHAKO, HEC Ba’KHO, TaK KaK Ha CJICAYIOMIEM 3Tale BCC NPOCKINU UMITYJILCOB
YMHOXAOTCd Ha OJUH M TOT K€ MHOXUTCIL, BEIWNYHMHA KOTOPOIO BBI6I/IpaeTC$[ Tak, YyTOOBI 3aKOH
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COXPaHEHUsI SHEPTUH BBINOJIHSIICS OBl C TpeOyeMOH TOUHOCTBIO, HO 10 3TOT'0 3aKOH COXPAHEHUSI UMITYJIbCa
BBITIOJTHSET 3-51 anbda-dyacTuia : OHa KOMIIEHCHPYET CYyMMY HUMITYJILCOB ABYX APYTHX, YTOOBI B CHCTEME

10KOSI BO30YKACHHOTO siapa yriepoga C12" BBINONHSICS He TONBKO 3aKOH COXPAHCHMS SHEPIUH , HO U
3aKOH COXpaHCHUA UMITyJIbCa :

(Pax)S = _(Pax)l - (Pax)z ’ (Pay)3 = _(Pay)1 - (Pay)z ,

(Paz)z = —(Pez)1 — (Paz)2 - (10)

JU1s1 BBITIOJIHEHNS 3aKOHA COXPAHEHHs SHepIUH (B 3TOM ke cucreme K mokost sapa C12) momydeHHbie
B (10) HOBBIE IPOEKIIMU UMITYJILCOB TPEX (X —YACTHI] YMHOMKAIKUCH HA MOJOKUTENLHBIA MHOKHUTED O
JcjajiaCb 3aMEHa

(Pax)j - (ptlzx)j = (UPax)j ; (Pay)j - (pc,ry)j = (UPay)j ,
(Paz)j - (p(’xz)j = (apaz)j , (11)

BBIYMCIUIMCH SHEPTHU (X —YACTHI Eqj = /p,’fj + mZ u noxbupanock TaKOe YMCIECHHOE 3HAUYCHUE

0, IPY KOTOPOM BBITIOJHSUIOCH OBl HEPABEHCTBO
Z?:lgaj_ Mc|+|Z]3:1(p¢,zx)]-|+|Z?:1(pz,zy)j|+|Z?:1(p{12)]-| < 10_11 . (12)
M.
[Tocne aToro, »HEpr¥M M HMIYJILCHI BceX Tpex « —yacturl mo (opmyiaam (3),(7),(8),(9)
TIEPEBOMIINCH B Ta00paTOpHYIO cucTeMy K, Tie IpOBEPsUTOCH BEITIOJTHEHNE HEPaBEHCTBA
|27:1 Eéj— EC| n Z?:l(PéZx)j_ch n Z?:l(Pclx'y)j_Pcy n Z?:l(PéZz)j—Pcz

Ec Pex Pcy Pez

<1071t | (13)

3nech aueprus E, siapa C 12" BLIYHCIACTCS COTTIACHO (3).

st Becex 20000 crenepuposanHbix MoHTe-Kapio coOwiTiii HepaBeHCTBO (13) OBUIO BBHIMOTHEHO,
TO €CTh BO BCEX CT€HEpHPOBAaHHBIX 3BE3[aX B JIAOOPATOPHON CHCTEME 3aKOHBI COXPAHEHUS SHEPTHH U
WMITYJIbCA BBITIONHSIOTCS C XOPOILEH OTHOCUTENbHOW TOYHOCTBIO.

3. CpaBHeHue pe3yibTaToB MoHTe-KapJio pacuera ¢ 3kcnepuMeHTAIbHBIMA JAHHBIMHA

Crnenyromuii 00s13aTeNbHBIN 3Tal — 3TO cpaBHeHHEe MoHTe-Kapiio pacueToB ¢ sKcrepruMeHTATbHBIMH
naHHBIMU. 1715 3TOTO CllenyeT BEIOpaTh BEJIMUMHBI, PACUET KOTOPHIX MO3BOJISIET KPUTHUECKHU COTIOCTABUTD
(pM3UYIeCKyl0 KapTUHY , BOSHHUKAIONIYIO B JKCIEPUMEHTE W (PU3NYECKHUE MPHUHIIMIIBL, JISKAIFEe B OCHOBE
Monte-Kapmo monenu.

3Has BEKTOPHl MMITYJIbCOB JBYX @ —YacTHIl COOBITHS, MBI MOXXEM HAHTH YIrol MEXAY 3THMHU
BekTOpaMu. Pacmpenenenus mo TakoMy yriry Afyy, nanel Ha puc. .

0,12+

XYZ

0,10

0,08

dn/n

0,06

0,04

0,02

0,00

0 15 30 45 60 75 90 105120 135150 165 180

AB grad

xyz ?

Puc.1. Pacnpedenenue no yeny mexicoy 08ymsa 3-x MeEpHbIMU GeKMOPAMU UMAYILCA O —yacmuy. 30ecb U Hudce | MOUKU
— axcnepumenm (400 cobvimuii), cucmoepamma — Morwme-Kapno pacuem (2000 cobwvimutl).

B obmiem cnyuae, mis mo0bIx oceld a 1 b (puc.l) MBI MOXEM BBECTH KakK JICKapTOBBI KOOPAHHATEI

P,, P, BexTopa P, , Tak U €ro NOJspHBIE KOOPAMHATH (IMHHY Pyj = /Paz + Plf Y TIOJSIPHBIN YTOIT ().

HCKapTOBBI U NTOJIAPHBIC
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a

A9

Py

b, .

Puc.2. Cxema onpedenenust Ha RPOU3E0IbHOU NIOCKOCIU Ab MOOYIs pazHocmu asumymanvhvlx yenos |Ap| mescoy
=

S
sexmopamu umnyivcos P; u P,

KOOPJANHATHI CBA3aHbl U3BECTHBIMHM COOTHOIICHUSIMU. B KoopIauHATHOM cucteme oceil a U b aHanoru4Ho
MOJKHO paccMoTpeTh mapy (W 0Ooliee) BEKTOPOB, a 3aTeM BBIYMCIMTH MOJIYIb pasHoctd |A@|ux
a3UMYyTaJIbHBIX yrioB. Ecnu B mockoctu ab 3TH BEKTOpa 0TOOPakaloT BEKTOPA UMITYJILCOB POKIACHHBIX
YacTHLl, TO PACHPEAEICHUE STHX Pa3HOCTEH a3UMyTaJbHBIX YIJIOB B aHcamOiie cOOBITHH OyAeT oTpakaTh
YHUKAIbHYI0O (H3MYECKYI0 KapTHHY, W IIO3TOMY OJTO paclpelesieHHe MOXET OBITh KPUTHYECKOH
XapaKTePUCTUKONW IIPH CPaBHEHUHM TAKUX OKCIEPUMEHTAJBHBIX pPaclpeleNeHHH ¢ paclpelesieHUsAMY,
MOJly4YEHHBIMU B pe3yJIbTaTe, HalpUMep, MOHTE-KapJOBCKOIO0 pacyera, IMPOU3BEIEHHOIO  COIJIACHO
IpeIaraéMoi TEOPETUIECKON cxeMe u3y4aeMoro npouecca. 11o3ToMy Mbl peann3oBain Takoe CpaBHEHUE
JUIE OPTOTOHANBHBIX TUTOCKOCTeH koopauHatr XY,ZX,ZY.  Pe3ymprarel mnpuBeieHbl Ha puc.3-6.
[IpuBeneHHOE HAa HUX pAacIpeneNeHre 0 MOAYII0 Pa3HOCTH a3MMYTAJIBHBIX YIJIOB @ —YacTHUIL ABISETCS
YHUKaJIBHBIM [UI1 KaXIOW IUIOCKOCTH, M Ham Monre-Kapno pacuer He IUIOXO ONMCBIBAeT 3Ty
YHHUKaQJIbHOCTb.

0,10
0,10 0,104
0,08
0,08 0,08
£
£ ,g 0,06 £
5 0,06 = 0,06
0,04 *
0,04 XY zY 0,04 XZ
ooz 0,02 0,02
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Ab , grad A¢ , grad A¢ , grad

Puc.3. Pacnpedenenue no yeny |A@| (cm. puc.2) medxncdy npoekyusimu 6eKkmopos UMRyIbca 08X & —4acmuy Ha NIOCKOCHb
XY, ZY, XZ coomgemcmexeep.

B kauecTBe JOMNOJHUTCIIBHOT'O KPUTCPUA MPABUILHOCTU NIOHUMAaHUA HAMU MEXaHU3Ma (I)I/ISI/I‘-ICCKOFO
nporiecca, B KOTOPOM pPOXJIAIOTCS TPU « —4YaCTHIbI, MBI COINOCTaBHIHN DSKCIEPUMCHTAILHBIC |
TEOPETHYECKUE paClpeAelieHUus] ¢ —YacTHI[ [0 CyMM€ KHWHETHMYECKHUX OJHEPrHid s KaKIOW Maphl
o —4acTHIl cCOOBITHs (pUC.6) U 1O MOJYJII0O UMITYJIbCA B OPTOTOHAIBHBIX JAPYT NPYTY ILIOCKOCTSX (CM.
puc.7,8).

1,
0,1+
N
o014 [ ¢
= 3
-
1E-34
1E-44
1E-5 T T T T
0 2 4 6 8
Eqi + Exk . MeV

Puc.4. Pacnpedenenue no cymme Kunemuueckux snepeuil ons -oti u k-oti a -vacmuy coovimusn (i # k, i(k) = 1,2,3).
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1 J YZ
XZ
0,14 0,1
c | @
S 0,014 & S 0,014 3
1E-3 1E-3+
1E-4 \ T y \ T ) 1E4 ‘ ‘ T ‘ ‘ )
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Pxz , MeVic Pyz , MeVic

Puc.5. Pacnpedenenue no mooymio npoexyuu Py; = \| P2 + P? u Py; = /B + P? eexmopa umnyivca -/ uacmuybvl
Ha niockocmo XZ u YZ

Ha puc.6 umeercs HeKoTOopas HETOYHOCTh B OINUCAHUM JKCIEPUMEHTAIBHBIX JaHHBIX. OTO
pasHorjacue He yJaeTcsl yCTpaHUTh U3MEHEHHEM OTHOCUTEIIbHBIX BECOB Mexay kaHanami (1), (2), To ecTb

* *
M3MEHEHHEM JIONM MpsAMBIX pacnanoB C'?° — 3a 1o oTHomeHMIO K J0iH pacmanoB Cl?° uepes
* *
006pa3zoBaHHe MPOMEXKYTOUHOTO sipa BO3OYKAeHHOro sapa Gepuwmmus C'? — Be® +a —> 3a , wm
v v * 3
M3MEHEHHEM BEPOATHOCTEH 00pa3oBaHus pasHbIX BO3OYKIEHHBIX cocTosHuit Bed (1°).

4. 3akaioueHue

B nmannoil paboTte MBI paccMoTpenu Bo3MokHble KaHaibl (1),(2) oOpa3oBaHus Tpex a —yacTull B
C'?n —B3anMopeiicTBUAX, T/e HEUTpPOH N ¢ ’Heprueit 14 MaB HaneTaeT Ha MoOKosAIIEECs SIPO yriaeposa ,
BXoJsiiiee B cocTaB (oToaMyibenu. [IpoBeneHo cpaBHEHNE SKCIIEPUMEHTANIBHBIX JAHHBIX € PE3yJIbTaTaMU
Monte-Kapno moaenuposanus npoueccoB (1),(2). Ha ocHoBe cpaBHeHHs JaHa OIEHKAa OTHOCHUTEIbHBIX
BECOB Wy, Wy, Wit Wa2* W34 nna peamusanmu xamanos (1),(2) u hopMupPOBaHUS PasHBIX ypOBHeH
BO30yXaeHus: sapa Oepwunus. [lokazaHo, 4YTO O3TH OTHOCHTEIBHBIE Beca MOTYT BIMATH Ha
9KCIEPUMEHTAJIbHbIE pacpeneneHus, u cornacue ¢ Monre-Kapno pacueTom MoXkeT ObITh JOCTUTHYTO NIPH
ykazaHHbIX B (1),(2),(1°) unuciIeHHBIX 3HAYEHHUSAX ITUX OTHOCHUTEIBHBIX BECOB.

Crnenyer OTMETHUTh, YTO, COIVIACHO YCJIOBHSAM JKCIIEPUMEHTA, HEUTPOH JIETUT HE BJOJIb IJIOCKOCTH
(hOTOIMYIILCHOHHOTO CJIOSA, a HAIlPaBJICHHUE €r0 MMITyJbca CIy4alHbIM 00pa3oM OTKJIOHSETCS OT 3TOrO
HaIpaBJICHHs ¢ aMIUTUTY108 45°. DTHM c03/1aeTCsl HEKOTOPasi HEOTIPEICICHHOCTh B 3HAYCHHHU MTEPBUYHOTO
MIPOAOJIFHOTO M IONEPEeYHOro umimynsca. [lostomy 1 Gosiee TOYHBIX OLIEHOK HEOOXOAMMO OBIJIO OBI
WCKJIFOUUTH 3TY HEOMPEEIIEHHOCTb.

Jluteparypa

[1.]- A. A. Apremenkos, B. bpagnosa, A. A. 3aiiues, I1. U. 3apyoun, U. I'. 3apyouna, P. P. Kartabekos, K.
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HWCCJIEJOBAHUE CEYEHUS BO3BYKJIEHUS N30OMEPHBIX COCTOSTHUI 1*m9Ce
B PEAKIIUSIX (n,2n) M (y,n) HA SIJIPE °Ce

C. IloaBouos

Hayuonanvnoiii ynusepcumem Y3bexucmana,
TamxenT, e-mail: satimbay@yandex.ru

AHHOTAIMA

Memoodom HaedeHHOl aKMUEHOCMU UCCTe0068aHbl cedeHls 6030yacoeHus uzomepubix cocmosanuti *¥™9Ce ¢
peaxyuax (N,2n) u (»,n) na adpe **°Ce. Jna peaxyuu (1,2N) dKcnepumenmsl NPOGOOUTUCH HA HELIMPOHHOM
eenepamope HI-150 npu suepeuu netimpornos En=14,1 M>B. Ha ocHoge OaHHbIX NO U30MEPHbIM OMHOUEHUSIM
8b1X0006 paccuumanysl cevenus peaxyuii (y,N)™ na adpe ¥“°Ce ¢ obnacmu suepauii camma-xéanmog 11-22 M>B
c wazom 1 MaB. Drcnepumenmanshule pe3yibmamsl CPAGHUBAEMCSL ¢ OAHHLIMU OPYy2uXx pabom u paciemamu,
nPOGedeHHbIMU ¢ NOMOWbIO npocpammuozo naxkema TALYS-1.0.

KioueBble ci10Ba: H30MEpHBIC OTHOILICHHUS, CEUSHHE, TOPMO3HOM raMMa-CIeKTp, epuo/1 Mojypacaja sijpa,
simepHbie peaknuu, TALYS-1.0, y-iuHus.

ComnocraBieHne 3SKCIEPUMEHTAIBHBIX JAHHBIX IO HM30MEPHOMY OTHOLIEHHIO C pe3yJbTaTaMu
pacyera OCHOBHOI'O HA CTaTUCTHYECKOH TEOPUM IIO3BOJISIET IONYYUTh HH(POPMALUIO O CIHMHOBOH
3aBUCHMOCTH IUIOTHOCTH YpOBHeH sizipa [1]. BakHoe 3HaueHne uMeeT u3y4eHue 00pa3oBaHus H30MEPHBIX
COCTOSIHMH sJep B SIIEPHBIX PEAaKUUsIX C Pa3IM4yHbIMU OOMOApAMpPYIOIMMM YacTULAMM, KOTOPBII
MO3BOJISIET OJIYy4YaTh CBEIECHH O MEXaHM3MAaX SAEPHBIX PEaKLUi U O CBOICTBaX BO30YKIECHHBIX COCTOSIHUH
aTroMHbIX siziep. OCOOCHHO WHTEPECHBIM SIBIISCTCS M3YUCHHE sIEpHBIX peakimii Tuma (N,2n) u (y,n) B
pe3ynbTaTe KOTOPBIX 00pa3yeTcst OAMHAKOBOE Sapo [2].

B Hacrosmeir paboTe 3KCIEpUMEHTAIBHO WCCICAOBAHBI CEUCHUS BO30YKICHUS H30MEPHBIX
cocrosauii 13MICe B peakimsx (n,2n) u (y,n) na sape *“°Ce.

OKCIepUMEHTHI POBOMINCH Ha HeilTpoHHOM reHeparope HI'-150 Mucturyra Snepuoit ®usuku
Axanemuu Hayk PecyOnuku ¥Y30ekucTan npu sHepruu HeitpoHos Ex=14,1 M»sB.

Jiist uccnenoBaHusl SIIEPHBIX peakiuii Tuna (N,2N) ucroib30Baiich HelTpoHHbIH reHepatop HI'-150,
KOTOPBII pean3yeT NOTOKH OBICTPBIX HEUTPOHOB ¢ SHEprusaiMu ~ 2.4 u 14 M>B u3 peakunii D+d —> 3He+n
i T+0d—>a+N npy UCTIONIB30BaHKUH JICHTEPUEBBIX M TPUTHEBBIX MHUIIICHEW. [Ipy 3TOM MOTOKH HEHTPOHOB
COCTaBIITIOT cooTBeTcTBeHHO ~ 108 m 10° m/cex. B kauecTBe MwIeHeiH WCIIOIH30BAIICH 00pa3sis
okcun 1epusi (CeO2) Becom 2+3 r B BHE TaOJIETOK TUaMETPOM 15 MM, MPUTOTOBICHHBIX MPECCOBAHHEM.
s uckimovyeHus BIUAHUS (OHOBBIX HEHTPOHOB (TETIOBBIX HEHTPOHOB) 0Opa3Ibl yIIaKOBAIH B KQJIMUEBBIC
sKpansl TonmmuHoi 1 MmM. Kpome Toro, B kauecTBO MOHHTOpPA K 00pa3iiamM MPUKPENIN CIIepeau U C3aau
ATIOMUHUEBYIO Qobry. Bpems o0Onyuenus 20+40 MuH.

HaBeneHHasi y-akTHBHOCTh MHUIICHEH H3Mepsulach Ha ramma-crekrtpomerpe ¢upmer Canberra,
cocTosieM u3 repmanueBoro aerekropa HPGe (¢ otHocuTensHON 3¢ eKTHBHOCTHIO - 15 %, pazpenienuem
nns muann °Co 1332 k3B — 1,8 k9B), mudposoro anammszatopa DSA 1000 1 nepcoHaIBHOTO KOMITBIOTEPA
¢ nporpamMMHBIM naketoM Genie 2000 i Habopa u 00paboTKH raMMa-cleKTpoB. ['amMmma-crekTpomeTp 1o
SHEPruM KaTuOpOBaIM C MOMOIIBIO CTaHaapTHOTrO Habopa ucrounnkoB OCI'U. M3MepeHus BBITOJIHAIM B
CTaHJapTHOW I'€OMETPHH, B KOTOPOH TpagyupoBaiu AeTeKTop o 3¢ddexktuBHOCTH. Bpems namepenus
HaBE/ICHHOM y-aKTUBHOCTH MHILIEHeH cocTapiseT 3-40 MuH.

3aceseHMe H30MEPHOIO M OCHOBHOTO YPOBHEH HIEHTUGHUUUPOBAIM IO Y-MUHUAM. SnepHo-
¢u3nyuecKre XapakTepUCTHKH SAep-IPOAYKTOB peakmuid (y,n) u (N,2Nn), HeoOxoaumble sl 00pabOTKU
Pe3yIIbTaTOB U3MEPEHH B3ATHI U3 [3] 1 mpuBeneHsl B Tabmule 1, rne |™ — criuH 1 9eTHOCTh YPOBHS , T1p2 —
Mepuo/] oTypacnaja sapa, |y — HHTeHCUBHOCTh Y-KBaHTOB JaHHOW SHEPTUH Ha pacmai, P — KodQQHUIUEHT
BETBIICHUS Y-TIepexoaa. MI3oMepHbIe OTHOIICHHUS BBIXOIOB PACCUYUTHIBAIICH 110 hopMmyire [4].

Tab. 1: SInepHo-pu3nyeckne XapaKTEePUCTHKH sIeP-NMPOAYKTOB peakuuu (y,n) u (N,2n) Ha sapax

SAnpo npoaykr J* Tz Ey, k3B Iy, % p
139m Ce 11/2 - 54¢ 754,2 93 1
13% Ce 3/2* 137 mu 165,8 81 -

[ToyueHHBIE DKCIIEpUMEHTAIBHBIE Pe3yIbTaThl IpUBeAeHBI B Ta0a. 1 u 2. B ciaydae peakuuu (y,n)
($yHKIMA BO30YXKIEHHH IMOIY4YEeHbI MO 3KCIEPUMEHTATbHBIM H30MEpPHBIM OTHOIICHHSAM [2] M TONHBIM
ceueHUsIM (pOTOHEHTpOHHOW peakuyu G, [7]. B xauectBe pacmpenenenus y-kBaHtoB 1o suepruu W(E,,
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Eymax) mcnonp3oBancs criektp lludda. Ito oOycmopieHo Tem, 4TO B IKCHEPUMEHTAX IS TOMYUSHHS
My4YKa Y-KBaHTOB KCIIOJIb30BAach BOJIb(p)paMoBasi MUILICHb TOJIUHONW 2 MM, YTO CYIIECTBEHHO MECHBIIIC
paaranMoHHON THHEI 171 Boibpama (L~4,3 MM). DKcriepiMeHTaNbHAas 3aBUCUMOCTD CEYeHUN PeaKIHH
140Ce(y,n)1¥MCe oT rpaHMYHOM SHEPrUKM TOPMO3HBIX KBAHTOB ANIPOKCUMHUpOBaiach Gyukuueit Jlopenua,
TapaMeTphl KOTOPO# (ITOJIOKEHIE MAaKCHMyMa cedeHus Em, 3HaUeHNEe CEUCHHS B MAKCUMYME Gm M IIMTUPHHA
pacrpeeNicHus Ha TIOJIOBMHE €ro BBICOTHI [7) ompefensiiuch MEeTOJ0M HAUMEHBIIIUX KBAJIPaTOB 10 HA0OPY
AKCIIEPUMEHTATBHBIX 3HAUCHUH.

[MapameTrppl anmmpoKCHMMalid W WHTETPAIbHBIC CEYCHUS pPEaKIWW TPUBEACHB B Tabmume 2.
[TorpemnmHOCTH OIEHEHBI UCXOMS U3 CTATHCTHKHU 3apETUCTPUPOBAHHBIX OTYETOB. VI30MEpHOE OTHOIIICHHE
CEUCHHH peakiuii paBHO =om/oy=0,09+0,002.

Tab. 2: Ceuenne peaxuuu ““°Ce(y,n)**°Ce

Peakuus Em, T, 6m, Gint, En, Hcrounux
M>B M>B Mo M>B-M6 MsB
149Ce(y,n)***Ce 15.33 45 362 1825.5 21.7 [6]
140Ce(y,n)!mCe 15,97+0,15 | 3,74+0,75 3145 185+43 22 Hacrosmias pa6ora
1480Ce(y,n)139mCe" 16,19 5,61 28 304 22 Hacrosimas pabora

Ipumeuanue. “Pacuem ceuenuii nposoouiocs no npozpavme TALYS-1.0. ™ gint— unmezpanvnoe ceuenue peaxyuu, En -
8epXHULL npedes UHMe2pUpOBanus.

JIns OUEHKH W CpPaBHEHHS SKCICPUMEHTABHBIX PE3ybTATOB HAMHU TPOBEJCH pPACUeT CEUCHHUS
peakuuu ¢ Tomoulplo mporpammuoro makera TALYS-1.0. PesympTaTel TEOpeTHYECKHX pacueToB
npuBeaeHsl Takxke B Tabnuie 1. Kak BuaHO B Tabnuie 1, 3HaueHWe CEYCHUS B MAKCUMYME Gm M IIUPUHA
pacrperneneHnsl Ha MOJOBHHE €ro BhICOTHI I BO Bcex paboTax B IMpeienax MOTPEIIHOCTH H3MEpeHHI
COTIACYIOTCS MEXIY COOOM. DHEPreTUUECKOE MONOKEHNE MaKCcuMyMa cedenus peakuun “°Ce(y,n)=*mCe
B Mpelenax MOTPENIHOCTH COBIAJaeT C DHEPrueil TUraHTCKOrO HIONBHOTO pe3oHaHca 44Sm,
OTIpeAeIAeMOH 0 SMIMPUIECKOMY COOTHOIICHNI0 E,_=80-A™®, koTtopoe paBHO 15,4 MaB.

B ciyuae peaxknuu (N, 2n) onpezaesneHs! ceueHUst 00pa3oBaHKUs H30MEPHOTO U OCHOBHOT'O COCTOSIHHS
M UX HM30MEPHBIX OTHOIICHUH Om/Gg. [IJisi mosydeHus: aOCOJIOTHBIX 3HAUEHHH CEUCHHH OCHOBHOTO U
HW30MEPHOTO COCTOSIHUH HCIIONB30BaJM METOIbl CPaBHEHUS BBIXOJOB MCCIEIYyEeMOM MW MOHHUTOPHOU
peakiuu. B KadecTBe MOHUTOPHOHN peakiuu ucnoib3oBamu 2'Al(n, a)®*Na (Ti.=15 4, E,=1368 x3B),
CeYeHHEe KOTOPOro paBHO Om =121,571+0,57 mOu npu E, =14.1 M»sB [7]. Ilpu onpexneneHuu cedyeHUit
YUUTBIBAINCh CTAaTHCTHUYECKAasl IOTPEIIHOCTh CYETOB B (DOTONMHMKE H3MEPSEMON Y-IMHHUM, OLIMOKa
OTNpEIENICHUs] CEYCHHMST MOHHUTOPHOW peakiuu, 5()(QEeKTHBHOCTh perucTpanuu y-H3IY4eHUS |
CaMOTIOTJIOLIEHHS TaMMa-TTydeH.

B tabu. 3 nmpuBeieHBI MOJTyYEHHbBIE PE3ybTaThl 1j1s peakuuu (N,2Nn) Ha sape 4°Ce. Kak BugHO u3
9TOH TaOJUIIBI HAIIIK PE3yJIbTATHI 10 H30MEPHBIM OTHOILICHUSIM CEYCHUH Gm/Gy B TIpeiesiax MOTrpeIHOCTeH
W3MEpPEHHH COTIACcYIOTCS C JaHHBIMHU JPYTrUX paboT. Pe3ynbraTel m3MepeHuil, mpuBeneHHbIC B Ta0m. 3
CBHJCTEIbCTBYIOT, YTO OTHOCHTENIbHAsI BEPOATHOCTh BO30OYXKIEHHS HM30MEPOB B CIIydae PEakLMH THUIA
(n,2n) Ha HeckoMbKO pa3 (~ 7) BhIlIe, ueM B peakimu (Y,n). BeposTHO, 3TO CBA3aHO C BHOCHMEIM B SIIPE
MOMEHTOM, KOTOpBIE B citydae (N,2N)-peakiyu O0JIbIIKe, 4eM B (POTOSICPHBIX PEaKLIUsIX.

Ta6. 3: Ceuenne peakuun *°Ce(n,2n)**Ce

En, om, oy, 6/ Oy HUcTouyHuK

MbhB 1 (1] 1\ (1]

135 794144 879174 0,9+0,1 8

14.8 108070 77599 14+£02 8

14,1 797+39 906+71 0,88+0,08 Hacrosmas pabota
13.73 850458 - - 9

14.07 951458 - - 9

14.77 1092+81 - - 9

[pumeuanue. “Pacuer ceuenmii nposoauock no nporpamme TALYS-1.0.
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[InoTHOCTH siMEPHBIX ypOBHEW paccumThiBasiach 1mo gopmyne bera-bmoxa [1]  cnmHOBas 4acTb

KOTOpPOM UMEET BUJL
p(3)=(23 +1)exp| —(J +1/2)* / 257 |

VYiIydmnTh KOJMYECTBEHHOE COIJIACHE PACUeTOB C JKCIEPUMEHTOM YIaJoCh IpH (UKCALUH
rmapaMeTpa CIIMHOBOTO OrpaHWdeHus o. lIpum 3TOM yHOBIETBOPUTENBHOE COTJacue IOCTHraeTcs Mpu
o =2,5h.

OKcnepuMeHTalbHBIE PE3YNIbTaThl, MOMYyYeHHbIE B HACTOSIICH padoTe, MOTYT OBIT HCIOJIb30BaHbI
IUIS OLIEHKA aHATUTUYECKUX BO3MOXKHOCTEH aKTUBAIMOHHOT' O aHAJIN3a, P IUNIAHUPOBAHUH SKCIIEPUMEHTOB
10 U3Y4YEHHUIO H30MEPHBIX OTHOIIECHUM B SAJEPHBIX PEAKLIUAX U NIPHU U3YUYEHUN MEXaHU3M peakLuil.

B 3axmrouenne aBTop Beipakaet 0arogapaocts M. KaromoBy u O. XKXypaeBy 3a o0ydeHue 06pasmnos
Ha HEWTpOoHHOM reHeparope, JK. PaxmoHoBy 3a momoms B msmepeHusx, C.B. ApremoBy 3a mnone3Hsle
00CYXICHUSL.
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AHHOTAIMA

IIpedcmasnena >KCHepUMEHMANbHASL IEKMPOHHO-YNPAGISIEMAs NAA3MEHHAS dHepeemuiecKas yYCmaHo6Kd,
pacuemnas meniosas MOWHOCHb KOMOpoU Haxooumcs 6 mnpederax om 8 0o 25 xkBm, snekmpuueckas
mowgHocmeb —om 4 0o 12,5 kBm. B ocHoge pabombi ycmanoeKu 3a1024CeHbl pusuyeckue nPpUHYUnsl ynjiomHeHus:
NIA3MEHHbIX U UOHHBIX  NOMOKO8 NpU  OUCKDEMHOM — USMEHEHUU  YNpasusiowux  napamempos
MAZHUMOONMUYECKUM CUCTIEM.

KiroueBble ¢10Ba: yIIOTHCHHE TIOTOKOB HOHOB, MATHUTOKBAIPYIIOIbHBIC JTMH3BI, CHHTE3 JICTKUX 3JICMCHTOB,
ITa3MEHHBIN 3JIEKTPUYICCKUI TeHEpaTop, THAPU/L JIUTHS

1. Beeodenue

PaboTa 3neKTpOHHO-YIpaBIsIeMOro IUIa3MEHHOTO 3JIeKTpuueckoro rereparopa PPS — XX V1.0
(omepreruueckas ycranoBka DYIIOI', Plasma Power System) ocHoBaHa Ha peakiiuu SIIEPHOTO CHHTE3a B
WMOHHBIX MOTOKaX [1-4], MONYy4YEHHBIX B pe3yNbTaTe UCIIAPEHUS TUAPUIA JINTUS B KapTPHIKE-UCIapuTele,
MPEACTaBISIIONIEM COO00H HWIMHAPHYECKHH KOHTEHHEp C BONb(PAMOBBIM HJIHM BOJb(QpaM-PEHUECBHIM
HarpeBaTelieM, U MOHHU3AINHU MTOJIY9eHHOTO Tlapa B MOHMU3ATOpeE, MPEICTABISMIONIEM COO0M TpeX-CeTOUHBIN
BaKyyMHBII MpuOOp, oOecreunBaomnii HOHU3AUIO TTapoB BOAOPOJA M JIMTHS U UX BBIBOJ B CEKIHIO
MarHATOOINITHYECKOTO HAKOIUTENS HOHOB, MPECTABIIIONIETO CO0OW MarHUTOONTHYECKYIO JIOBYIIKY,
KOHCTPYKTHBHO COCTOSIIYIO U3 KOMOWHAIIMY COJICHOUIAIBHBIX U KBAJIPYIOJIbHBIX MarHUTHBIX CUCTEM, U
MoCIeyIoIIee YCKOPEHNe HOHOB, 33/IaHUU OTPENeNIEHHOTO 3aKOHa AMCKPETHOTO U3MEHEHHS TapaMeTpOB
MarHUTHOW CHCTEMbI YIPABICHHS M HEPTETUUECKOTO pacrpeaeicHus GOPMUPYEMBIX MOHHBIX TTOTOKOB
[5,6] ¢ 3amaHHBIMH TapaMeTpaMHu SAEPHOTO CHHTE3a, PEeAM3yeMBIX B HMITYJIbCHOM YCKOpPHTEINe,
MPEJICTABIISIONIEM COOOH MPOJIETHYIO YCKOPHUTENBHYIO TPYOKY C BXOJHBIM M BBIXOJHBIM JJIEKTPOJIaMU, U
MAarHUTHOW pa3BEPTKOM TOTOKA B KOHIIE YCKOPUTEIS. SIIepHbII CHHTE3 IIPOUCXOAUT B MArHUTOONTHYECKON
N-IIUKJIOBOM KaMmepe CHHTE3a, KOHCTPYKTHBHO BBIIIOJIHEHHOH Kak KOMOWHAIUS  Pa3InIHbBIX
COJICHOUIANIbHO-KBAJPYTIOIbHBIX ~ MarHUTOONTUYECKUX CHUCTEM. ['‘eHepamus TEIUIOBONH  DHEPTUH
OCYIIIECTBIIAETCS  JJEKTPOHHO-YIPABISAEMbIM  IDIa3MEHHBIM  3JIEKTPUYECKHMM  TE€HEepaTopoM U3
(opMHpYEMBIX YIPaBIIEMbIX TOTOKOB HOHOB WIIM IUIa3Mbl B MHOTOLIMKJIOBON KaMepe CHHTE3a, a 3a CUeT
MOCIIETYIOMIETO TTPeoOpa30BaHMs YIHEPTUHU MTPOTYKTOB TEPMOSIEPHOTO CHHTE3a B DIIEKTPHUYECKYIO YHEPTHIO
— B KBaHTOBOM 3HepreTuieckom npeodpaszoparene (KI3IT), mpencrapsomemM co00i HOHHO-3MUCCHOHHBIN
anekTpoBakyyMHbIH mprubop (KDII-1), KOTOphEIii KOHCTPYKTUBHO BBEINIOJHEH B BHIE IPOJIETHOTO
BBICOKOYACTOTHOTO TPHOJAA C BXOAHBIM IWIMHAPUYCCKUM 3JICKTPOIOM, BHITOJIHSIONIUM POJb KAaToAa, U
MOJYJIMPYIOIIEH CeTKH, pa3MelleHHONH Ha HeOOIBIIOM PAaCCTOSHIH OT KaTo/[a, © MHOTOCETYaTOr0 aHO/Ia C
BHEIIHEW [WJIMHIPUYECKOW KATYIIKOW, CO3Jarollell MarHWUTHOE T0J€ BHYTPH aHOJa, padOTarouX Ha
BBICOKOIHEpPreTHYecKnX noHax Ha dactoTe oT 50 k1 u BbIIe, WK MPeoOpa3oBaHUM B DJIEKTPHUUECKYIO
SHEPTHUI0 B MPOJIETHOM 3JIEKTpOoBaKyyMHOM KiMCTpoHe (KOII-2), KOoTOphIii KOHCTPYKTUBHO BBITIOJIHEH B
BHJE TPOJIETHOTO KIUCTPOHA C BXOJHBIM PE30HATOPOM W UYETHIPHMS MapajjIieNbHO COEIWHEHHBIMHU
BBIXOJHBIMH PE30HATOPaMU, pabOTAOIIMMHU Ha BEICOKOOHEPTE€TUYECKUX MOHAX Ha yacToTe oT 2500 Ml n
BBIIIIC.

YcTpoiicTBO peanusyeTcsi WOHHBIM YCKOPHUTEIIEM C JJIEMEHTaMH CHJIBHOTOYHOW JIIEKTPOHHUKH,
00pasys B KOMIUIEKCE 3JIEKTPOHHO-YIPABISIEMYIO UMITYJIbCHYIO CHCTEMY, HILTIOCTPUPYEMYIO CIIETYIOIIM
CXEMaTHYeCKHM YepTe)KOM Ha pHUCYHKE 1. DIeKTpOHHO-YIPaBISEMBIA IUIa3MEHHBIH JIEKTPHYECKUI
reHepaTop KOHCTPYKTUBHO COCTOMT U3: 1 — KapTPUIXK TUAPUIA JTUTHS; 2 — ICTOYHUK HOHHO-TIIA3MEHHBIN;
3 — CeKIMsl MarHUTOONITUYECKOTO HAKOIUTENSI, 4 — CeKIUsl YCKOPUTENbHAs; 5 — MarHUTOONTHYECKasT 4-X
(vmu 8-MU) -IUKIIOBasi KaMepa CUHTE3a; 6 — MPOJIETHBIH BHICOKOYACTOTHBIN TPHUOJ — HOHHO-IMUCCHOHHBIT
KBaHTOBBIN dHEpreTHdecKuil mpeoopazosarens (KOII); 7 — mOHHBIN BaKyyMHBIH HAaCOC-HEUTpaIH3aTop.
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Puc.1 Dnexmponno-ynpasnsiemulil niazsmMeHHblll INEKMPULECKULL 2eHEPaAmop.

2. Peakuum cuHTE3a, NOMAEPKUBAEMble TEHEPATOPOM

B Tabnuie 1 mMoka3aHbl THIbI SAEPHBIX PEAKIHMA, MOJICPKUBACMBIX B AJIEKTPOHHO-YIIPABIAEMOM
Ia3MEHHOM T'eHepaTope.

Tab6. 1: Peakuun TepMOSIIEPHOTO CHHTE3a, OTHOCSIIIUECS K TEHEPATOPY

6max B 06aacTu JHeprus
JHeprosbljejieHHne, . .
Ne Peaxkuus 5 MaB JHepruii HaJIeTalomei
1 MaB qacTuibl Emax.,M»>B
1 p +°Li — “He + 3He 4.0 10 0.3
2 p+7Li —2‘He+y 17.3 6*103 0.25
2 d+8Li—TLi+p 5.0 0.001 1.0
4 d+8Li — 2*He 22.4 0.026 0.60
5 p +°Be — 2*He + d 0.56 0.46 0,33
6 p +°Be — SLi + “He 2.1 0.35 0,33
7 p+ 1B — 3*He 8.7 0.6 0,675
8 p + 5N — 2C + “He 5.0 0.69 (mpu 1,2 MaB) 1,2

[lnasma onpenensercs npu temmeparype Boimie 108 K u Beimonnenus xpurepus Jloycona (n>
10%/cm®, rme N — IIOTHOCTH BBICOKOTEMIIEPATYPHOM IUIA3MBI, T — BPEMsl YAEPKAHUSA €€ B CHUCTEME).
MuHrManpHas SHEPTHs HAJIETAIOIIEero MOTOKA JOJDKHA OBITh HE MEHbIe moporoBoi sHeprun (.25 M»aB
niis peakuuu p+’Li=2*He + y npu sHepretudeckom Beixoze 17.3 MaB.

B Hamem ciy4ae sHeprus MUIIEHH U SHEPTUs HAIETAIOLIETO IIOTOKA paBHBI. TpeOyemast As cuHTe3a
SHEPIUs ONPENENsIeTCs HHEPruel, 3aTpayuBacMOil HAa YCKOPEHUE HMOHOB M IpOTOHOB. IlonHas
3arpadyrBaeMas YHEPIUs CKJIAIbIBAETCS U3 9HEPTUU Ha [apooOpa3oBaHue TIMApPUAA JIUTHS,
SHEPrUM MOHU3ALUU JUTHA U BOAOPOJA, YCKOPEHHE MOHOB U NMPOTOHOB M JHEPIHM, 3aTpauMBaeMoOil Ha
MarHMTHBIE CUCTEMEBI. B Hamem ciydae:

Temneparypa Boime 3.017 x 10° K npu suepruu nonos E=260 k»B

I110THOCTH MUIIIEHH B Kamepe cuHTe3a: N=2.785 x 10%cm

Bpewms ynepsxanus B kamepe He meHee 7=0.25 C

Kputepuii Jloycona n, > 6.962 x 10% c/cm®,

2.1 Pacuem peaxyuu C LiH u suepeuu evixoda ons cenepamopa

Pacuer sHeprum reneparopa IpoOBOIWIICS TPH PA3TMYHOM KOJMYECTBE BEIIECTBA, YIaCTBYIOIIETO B
cuntese. 3anaBas koamdecTBo noHoB NLi, NH u npunumas NLi = NH, Haiiném suepruto, Tpedyemyro npu
3aJ[aHHOM KosmuecTBe MOHOB. C yuérom Toro, uro B 8 rpammax LiH comepxurcsa 6.022140857*10%%, B
Tabnuue 2 mpeacTaBlieHa YHeprusl, Tpedyemas 1 BeipadaThiBaeMasi TeHEPaTOPOM.
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Ta6. 2: Pacyer MomHocTeli reHepaTopa NpH pa3THYHOM KOJIHYECTBE BelleCTBA, yYaCTBYIOLIET0 B CHHTE3€

KomuuectBo KomnaectBo atomoB, | Tok nOHOB, Macca LiH, | DuHeprus, DHeprusi,
moreit LiH LIT. A KT 3aTpayeHHas I NOJIy4eHHas
cunres3a Esin, Jx | mpu cuHTe3e
Eout JIx
1 7,5%10° 4,516*10%° 7,25*104 6*10'1 637 12 500
2 15*10° 9,033*10% 1,45*10°3 1,2*1010 1274 25000
3 3*108 1,8066*101° 2.9*10°% 2,4*1010 2548 50 000
4 6*108 3,613*10% 5.8*10° 4,8%10°10 5096 100 000
5 12*61078 7,226*10%6 11.6*103 9,6%1010 10 190 200000

3. OcHOBHbIE BAKYYMHbIe 0J10KH I'eHepaTopa

Paborta BakyyMHO# MOJICHCTEMBI TeHEpaTropa 3aKIIOYaeTcsl B IATH TOCIEAOBATEIbHBIX OJOK-
npolieccax, KOTOpble MPH 3aBEPILICHUH AAIOT Pe3yIbTaT B BUIE CTAOMIBLHON HOCTYHArOLIEH SHEpruu OT
TepMosepHOro cuHTe3a. [Ipolieccsl yrpaBisioTcs 2JIeKTPOHHOM MOICUCTEMOM YIIPaBIeHHUS T€HEpPaTOPOM.
Kaxnp1it BaKyyMHBIN OIOK HMeeT CBOE YHUKAJIbHOE ONMCAHNE IIPOLIECCOB, IPOUCXOAAIINX B HEM BO BpeMsl
pabotsbl. Jlanee cxeMaTHYHO Ha PUCYHKaX 2 — 6 TIpeICTaBICHbI OCHOBHBIE OJIOKH U MPOLIECCHI.

I/IcnapnTeJn) ruapuaa JUTUA 1 HOHU3ATOP — HCTOYHUK IJIa3Mbl

Puc. 2 Kapmpudoic u uonHo-niasmeHHulll UCMOYHUK.

Juckpern3anusi N0TOKOB U (pOpMHPOBAHNE MUILICHU

Puc. 3 ok maznumoonmuuecko2o Puc. & Vexopumen.

HakonumeiA.

157



International Conference “Fundamental and Applied Problems of Physics™, September 22-23, 2020

BoM0apaupoBka MuIIIeHH, TEPMOSIAEPHbIIi CHHTE3, Mlepexo/l BO BTOPYIO KaMepy, 0OHOBJIeHHE IUKJIA

Puc. 5 Maenumoonmuueckas 4x-yukiosas kamepa cunmesd.

IIpoJieTHBI BBICOKOYACTOTHBIH TPHO — HOHHO-3MHMCCHOHHBIN KBAHTOBBII 3HEepreTHYecKuii
npeodpazoBaresib (KJII) 1 MOHHBIH BAKYYMHBII HACOC-HelTpaau3aTop

Puc. 6 Duepeemuueckuii npeobpazoeamens, UOHHBLIL GAKYYMHbLI HACOC-HEUMPAIUZAMOP U dNeKMPUIECKULL YATHUK.

KgsanroBenii mpubop cepun KOII-TXX — 310 BY-BakyyMHBIH TpPHOJ C OTKPBITBIM KaTO/OM,
pa6OTaIOHII/II>'I OT BHEIIHEr0 UCTOYHMKA HOHOB. COBMECTHUM C Pa3IMYHLIMU IJTa3MEHHBIMHU 3JICKTPUYCCKUMU
reHepaTopaMu U HCIIOJIb3YETCsl B KauecTBE IPeoO0pa3oBaTeis SHEPIUU BBICOKOIHEPTETHUECKUX HMOHOB B
BU-konebanus.

4. YcaoBust UIsl OIMCAHUSI IBUKEHHE MJ1a3Mbl B 3JIEKTPOMATHUTHOM H0J1€

B namem ciydae mpu nepexoze Ijia3Mbl Yepe3 MEpBYHO ONTHUYECKYI0 CUCTEMY BO BTODYIO, M3-3a
YBEJTUYEHHS TEMIIEPATyphl U TOBBILICHHUS INIOTHOCTH Y Ta3000pa3HOr0 BEIIECTBA, MOXKEM MPUMEHHUTH JJIs
onucaHusi OOIIMX TMPOILECCOB MAarHUTHYIO THAPOAWHAMUKY. BeriencrBue Toro, 4to (pUKCHPOBAHO IoOJiE
HampsDKEHUsT WM DJIEKTPOMAarHWTHBbIE — TOTEHLUAJbl,  MOXEM  BOCIIOJBb30BATHCS  CBOHCTBOM
“KBa3MHEUTPAJIbHOCTH TJIa3MEHHBIX IOTOKOB M paccMaTpUBaTh 33/Jady B CTaTMYECKOM BHIE, TaK Kak
napameTpbl IOTOKOB IIJIa3Mbl BO BpeMsI IIEPeX0/1a HUKAaK He W3MEHSTCS.

B TakoM ciryyae KOIHYEeCTBO HOHOB U 3JIEKTPOHOB, CIEAYS U3 CBOMCTB KBa3WHEUTPaJIbHOCTH, OyIyT
PaBHBI, ¥ IUBEPreHIM TOKAa CMEIIEHHS B TAKOM CiIy4ae OyAeT paBHa HYJIIO, UTO JaeT HaM BO3MOXKHOCThb
yOparh 0JJHO YpaBHEHHE HETIPEPBIBHOCTH U3 CHCTEMBI U OCTaBHUThH TOJIBKO HOHHOE:

KBa3zuneiTpajabHOCTh Tok cMeleHust YpaBHeHHs HENPEPHIBHOCTH
. on o
n=n =n dﬂ’]=0 —+divay, =0
i e ot !

Omnucanue JABWKCHHUE TUIa3MBI B 3JICKTPOMArdHuTHOM I10JIC:

158



Meowcoynapoonas kougepenyusa « Dynoamenmanvhvie U NPUKIAOHble 8onpocsl usuxuy 22-23 cenmadps 2020e.

3akoH OMa AN AaHHOM CUCTEMbl: a — KoaQHIeHT, IoKazEIBa o 00LLYI0 Maccy
MoTOKa YacTvl, B eAMHMLY 00beMa.

j Vp - 1,- = o

="t E+=(v,.H) G=— - NpoBOAWMOCTb Ma3Mbl

o en c en

4.1 Memoo nonyuenus ynpaenaemuvix OUCKPEHHbIX NOMOKO8 3apAXCEHHbIX Yacmuy,

COBOKYIMHOCTh METOJIOB 33JlaHHs 3aKOHOB JUCKPETHOIO W3MEHCHHS MNapaMeTPOB 3apsDKEHHBIX
yactun [5,6]: sHepruu E, Toxa wactwmi |, xoHmeHTpammm N, mepHoma ciemoBanus TS| ompenmenser
MOJIy4EeHUE DJICKTPOHHO-YIIPABIAEMbIX TOTOKOB 3apsDKCHHBIX YacTHil. B OCHOBe MeToma JIeKHUT
(bopMupoBaHKe JTMHEHHOTO MOTOKA Pi U3 HCTOYHMKA HOHOB CO CPEIHMM 3HAYCHHEM HOHHOTO TOKa lo.

Pa3buenue nuHeitHoro moroka Pi ¢ HauanbHbM TOkOM lg Ha moToku loi, loz, ... , lon, ¢ mepuomom
cenoBanus (Tor...Ton ) — HasbIBaeTCs TOKOBOM Auckperm3armeii, T.e. umeeT MecTto (lo1, To1) (loz, To2) ...
(lon, Ton). DNy — TOKOBBII AUCKPET.

Bagamum Ui aBwkeHns auckpera D1 dyuxmmio F1(X,Y,Z,t), OIKMCHIBAIONIYIO €r0 IBMKEHHE BO
BpeMeHH t TakuM 00pa3oM, 4To UMeeT MecTo GyHKIMOHAIbHAs quckperusanus [F1(X,y,z,t) ... Fn(xy,z,1)].
Dng — ¢pyHknnoHanbHbId quckpeT. COBOKYITHOCTD TaHHBIX METOJ0B Ha3bIBACTCS METOAMKON YIIOTHEHUS
MOTOKA 3apsDKEHHBIX YaCTHUI] U TIOJIYYECHHUS IIEPBUYHOTO 3JEKTPOHHO-YIIPABISAEMOr0 MOTOKA — ITOJyICHUS
JIUCKPETHBIX TOTOKOB DN 13 nmnetlinoro motoka Pi.

4.2 IIpoxoo nnazmvl om nepeoii 00 6MOPOIl K6AOPYNOJIbHOU JIUH3bL

Brauane B nepBoil MArHUTHOM JIMH3E MPOUCXOAUT IPOLIECC CKATUSA IIOTOKA YACTHUIL IUIA3MBIL, U ITOCIIE
MPOM3BOIUTCA OOMOapIupoBKa (PUKCHPOBAHHON MHIIIEHH, OTPEIEIIEHHONW IEepBBIM MOTOKOM. BTopoii
MOTOK OOMOApAUPYET MUIIICHU MEPBOT0 MOTOKA M MEPEBOJUT BO BTOPYIO KaMepy, W MPOIECC HAYUHACTCS
3a"oBo (Puc. 7).

7 i 250 k35

7 max 260 K38 /
s Bl Tmx8MB

Bropas auHza,
Eom6apauposka,
Mpouecc cuHTesa

Hauano cxartus,
Mpoxop uepesz
Mepeyio MH3Y

N, ™

\ HagansHsli npoyecc . [poyecc cuMmesa

Puc. 7 IIpoxoo nnazmer om nepsoti 00 6mopou K8AOPYNOIbHOU IUH3bL.

4.3 Hcnonv3yemvie maznumnule K6aOPynoabHle TUH3bL
KBanpymonsHble TUH3BI COCTOST M3 JBYX CEKIMH, MOBepHYThIX Ha 90° u comepxamux 0OMOTKY,
YIIO’KEHHYIO B M1a3bl MarHUTONPOBOAA C TUIIEPOOIMYECKUMH NTOJI0caMH (PUCYHKH 8 1 9).

o © © ©

Puc. 8 Onvimuuwiii oopazey MKIJL Puc. 9 Cxemamuunbwiii uepmedxc 1UH3bL.

4.4 Pacnpeodenenue ckopocmeil 4yacmuy niazmol
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Puc. 10 Pacnpedenenue ckopocmeil uacmuy niasmol.

f(X)= 4?:% exp

F a0
o
2
vy
UV — CKOPOCTb MNOTOKOB,
X — PaccTofiHME OT Li@HTpa NOTOKOB

W3menenus ckopocreit gactur (Puc. 10), yqacTByomux B TEPMOSICPHOM CHHTE3€, XapaKTePU3YIOT
TUTOTHOCTH TIa3MBI, YeM OOJIbIIe CKOPOCTh YacTHIl, TeM OOJbIle TUNIOTHOCTh IIa3Mbl B KaMepe CHHTE3a.
PannaneHOe pacmpeneneHue 4acTHll IUIa3Mbl B YCKOPSIIOIIEM I10JIE MOHHOM U AJIIEKTPOHHOM KOMIIOHEHT,
U=300 kB. [ltasmy B HamieM ciiydaeM MOHO TaK)Ke€ paccCMaTpuBaTh KaK MIEANbHBIA Ta3 MPH OTHCAHUU
CKOpOCTEHN YacTHI] U BOCIOJIb30BAThCSl YpaBHEHUEM boJblIMaHa, HO MOTEHUUATIBHONW YHEPTUEN BHEIIHETO
MOJIi MOXKHO TIpeHeOpedb M TMEepeBecTH, TaKuM 00pa3omMm, pacrpeneneHrne bompimana B pacmpererneHue
Makcsenna:

f(v) = 4mv? [m/2mkT] */? exp(—mv2/2kT)

4.5 Pacnpedenenue zpaduenma MazHumHo2o nos

Tnfm 2 T T
i 7
15 \ 41 B, - YacTHad NpoM3BOAHasA
no pagvanbHoMy
Sy 1 w, | HampaBneHuio B
: LUMNUHAPUYECKOl cucTeMe
0.5 - — 7 KOOpAWHaT.
0 | | | ]
0 2 4 6 8 10

x1

Yron Mexxay rpaaMeHToM
M BBOAOM Nyu4Ka

|G| = |B, sina] x=1..10 Sin a, = 0.035 a;= .

®dyHKUMA rpaneHTa  PaccrosiHMe oT LeHTpa NyuKa

Puc. 10 Pacnpedenenue ckopocmetl uacmuy niasmoi.

I'padux nokazeaet (Puc. 10), 9T0 0OCHOBHOE MarHuTHOE T0JIe COKYCHPOBAHO B IIEHTPE KaMepHI,
T'JIe PacIoiaraeTcs caM MOTOK, pacyeT OepETCs OT Havall KOOPMHAT OT CAMOTO IICHTpa ITyJKa.
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4.6 Pacnpedenenue moxkoe 6 Kamepe cunmesd

I, mA
250 T T T
200 \ -
\
150 | Y _
100 - \\ -
50 |- i T .
k‘_“__'__ﬁ——_
| | | |
0% 2 4 6 8 10
AR Cm

Puc. 11 Pacnpedenenue moxkog 6Hympu xamepuvl cuHmesd.

Pacnpenenenue TokoB (Puc. 11) BHyTpr Kamephl CHHTE3a B HallleM CIIyJae:

: . R
) = jo-[ 14

rae R — pamuyc mmpunbl kamepbl, AR — paguanbHoe cMmenienue, jo= 20 MA — HadalbHOE 3HAYCHUE
CHJIBI TOKA.

W3menss mapamMeTpbl MArHUTHOM JIMH3BI, MO’KHO MEHATH ITapaMeTpsl TOKOB BHYTPH KaMephl CHHTE3a,
KOTOpble KaK pa3 W BIMAIOT Ha paclpeAeieHHWe dYacTUL B TNPOCTPAHCTBE, YTO Bie4eT Oolee
CTPYKTYPUPOBAHHYIO MUIIIEHE JJIsT O0Jiee TOYHOM maapbHEHIIIer 00MOapIupoBKHY €€ NPYyTruMH TTOTOKAMH.

®dopmyna pacnpereiaeHNs IOTHOCTH TOKA!

. . _ Ly ' 3
(Gor) =[5 (7 )2 (r ) ar
Pacripenenenne MIOTHOCTH TOKOB BHYTPHM KaMepbl CHHTE3a, TJe * — 3HaK KOMIUIEKCHOTO
COTIPSKEHUS, j1 U j2 — IUIOTHOCTH paclpeAeNIeHHH AIeKTPUIECKUX HITM MaTHUTHBIX TOKOB B 00BeMe V.

4.7 Yemanoexu 6 coope
Bun ycranoBku B cOope nokaszan Ha ororpaduu (Puc. 12):

Puc. 12 Pacnpedenenue moxkog Hympu Kamepul Curmesd.

KomnnekTHOCTh yCTaHOBKHU:
1 1. BakyyMHBIH IIUIMHAPAYECKUA KapTPUIK-UCIIAPUTENb C THIPUAOM JTUTHS

[Tymka ayrekTpOHHAs HCTOYHHKA HOHOB, BO3MOYKHA YCTAaHOBKA
[1na3MeHHbII HICTOYHUK MOHOB JIUTHUS U BOJIOPOJA

Cekuusi MAarHUTOONTUYECKOTO HAKOIUTENSI HOHOB JIUTHUS U BOJOPOJA
YckopuTenbHas CeKIUs HOHOB JIUTHSI U BOJOPOJA

CexIusi CHHTE3a HOHOB JIUTHUS M BOJIOPOJIA

oA wWwN
I
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7 7. KBaHTOBBIN 3HEpPTETHUECKHIA TPHOOP, 10 YacToThl 1 MI't

8 8. Cekuusi MArHUTOONITUYECKOTO HAKOIIUTEN KaMepbl HIOHHOTO HEWTpaIn3aTopa

9 9. Cexuus kKaMmepbl MOHHOTO HEUTpaNnnU3aTopa ¢ MyIIKOH IeKTPOHHOH

1 10.Cucrema BO3IyIIHOTO OXJIAXKIACHHUS C TEIUIOOOMEHHBIM armapaToM
(opmupyercs Mo 3a1aHUIO 3aKa3YMKa B 3aBUCMMOCTH OT 3a/1a4 U YCJIOBHH pabOTHI
YCTaHOBKH)

1 11.3nexkTpoHHAs CUCTEMa YTIPaBJICHUS T€HEPATOPOM

1 12.Cexuus nepuunHoro BU-BeipsaMiieHus 1 GHIIbTpauu

1 13.Onekrponnsiii 610k DC-AC-konBepropa: 220B/380B (dhopmupyercs mo
3aJJaHUIO0 3aKa34YMKa B 3aBUCHMOCTH OT 32/1a4 YCTAHOBKH)

1 14.Cucrema ynpaBieHus ¥ 3aLIUTHl YHEPTETHYECKON YCTaHOBKH.

1 15.Cranuna u KOXyX renepatopa (popMupyercs 1o 3a1aHHIO 3aKa3UUKa B

3aBUCHMOCTH OT 33/]a4 YCTAHOBKH).
YnpasneHue ycTaHOBKOH npejacraBieHo Ha cxeme (Puc. 13):

s At 0 | Y [ 1 17

i | 9. Bnok 3anekmponHozo ynpabnequs Kopmpudxa | : |' IS. Bnok Beicokozo Hanpsxenun 420 kB — 460 KHI | Iﬂ Cucmesn npunydumenskozo BosdywHozo nxrlnxﬁenuﬂl
| | 2. bnok Buicokozo wanpsxenur 15 kB - 3 kB I' 6. bnok cunoBiod 3nekmpoHUKU | l ] 12. Cucmemo mennoofMenHOZD onnopamo I
0 i | |
4——1 3. Bnok 3nexmpouHoza ynpafineHus uuuuaumnpu_l | 1 I'f. BEnok Bucokozo HonpaxeHus 42 kB - 46 KB'—‘ I | 13. Woccu v koxyx 2esepamopa |

\ ! | |

B ey simns spmrame e wocnn e e _ i :

| IS Bnok cunoBod uxBepmopn c Berxodon 24 B 1200 AI |

| | |

I 4_Bnox 3nexkmponHozo ynpahnenus —I : l 9. Brok BY zenepomopa K3 |— i

L sessn simow serms sramegnsae s =

|1(] bAok 3nexkmpoHHoZO UNpOBAEHUR ZEHEPOMOpPOM |

Puc. 13 Cxema anexmponno2o ynpaenenus ycmanogKoll.

Tab. 3: PaGoune mapamMeTpsl yCTAHOBKH

Crammnonapusie PPS — XX V1.0
Temmosast MoHoCTh MolHOoCTh MolHoCTE
Tun MOIIHOCTh JIEKTpHUIEcKast TeIIoBast JNIEKTPHIECcKast
HOMHUHAJbHAs, KBT | HoMuHajbHas, KBT MaKcHUMaibHas, KBt MaKcUMalbHas, KBt
RPS-01V1.0 S-
27 20 32,5 25
020
Ta6. 4: [lapaMeTpbI pac4eTHOr0 TEIIOBOTO MOILYJIsI
Ne ITapaMeTpbl TeNJ10060MEeHHOT0 MOAY.JISI
1 JlaBieHue B peryaupyeMoM oTonurensHoM otoope, MIla 0,12..0,3
2 TemmepaTypa ropsiaeil BOIbI B OTOMUTEIEHOM peskume, °C 95
HoMunanbHbIH pacxon BOIbL:
3 PPS - 01 V1.0 S-005 Perynupyemslif OTONMUTENBHBIH 0TOOP, HOMUHATT 24
(pabounii Auamna3oH) pacxos, Kr/4

Tab. 5: CuiioBoii 3Heprernyeckuii moxyap AC
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HanpsbkeHre BbIX0/1a CHIIOBOTO dHEpreTHdeckoro Moayist AC
Uout 220 B 380B BY-BrIX0]
Mout 50Tm-60T 50Tm-60T St1=250 k['g
St2= 500 xI'1t

Kpome cranaapTHBIX BBIXOJI0B HanpsiKEHUsI UMeeTcsl cuiioBoil BU-BbIX01 /Uil iepeiaun SHEPTUu
Ha PacCTOsHUE 110 crienuanbHoMy BU-kabero wiu SKpaHUpOBAaHHOMY CHIIOBOMY KaOelto K KOHBEPTOPY
BY B 220/380 B ¢ mpumenenuem BU-kBaHTOBBIX TpHOOPOB U TBepIOTENbHBIX BU-Monyneit. Baeninss
BCTPOEHHAS MaHENb yIPaBIeHHs. XapaKTepPUCTUKA NPECTaBIeHBI B Ta0Iumax 3 — 5.

4.8. Peocumvl pabomul yCmaHo8KuU

OcHOBHBIE peXHUMBI pabOThl YCTAHOBKH CIENYIOMIHE:

a. «PexuM OCHOBHOIO MCTOYHMKA IMUTAHUSI

B pexxuMe 0OCHOBHOTO MCTOYHWKA MUTAHUS BHEIIHS S JIUHUS OTKIIOYACTCS OT MOTPEOUTEIS.

b. «Pexum pe3epBHOr0 UCTOYHHUKA MUTAHUM». B pexuMe pe3epBHOTO HCTOUYHUKA MUTAHUS
TeHepaTop HaXOIHUTCS B XKAYIEM PEKUME B BKJIIOYAETCS B TeUeHUU BpeMeHu 10 10 cexyHm, Koraa
MponagaeT Uiu HeIOCTATOYHO HAMPSIKECHUE BHEIIHEH JTUHUH.

PPS — XX V1.0 npencraBisier co00li MOIYJIbHYIO CHCTEMY C T€Hepanued 3JIeKTPUIECKOU
SHEPTUU HOMHHAJIBbHON MOIIHOCTBIO OT 5 KBT 3eKTpUUECKON SHEPTUMU.

5. 3akai0uenue

g perreHus 3a7adu yIpaBisieMOTO CHHTE3a JIETKUX sifep pa3padoTaHa METOIMKA M TEXHOJOTHUS
co3ianus U (OPMHUPOBAHUS DJICKTPOHHO-YIPABISIEMBIX HOHHBIX TIOTOKOB B MAarHUTHOM IIOJIE MyTEM
TPYIIIUPOBKA  MMOTOKOB  TOCPEACTBOM  JHCKPETH3allMiK ¥ 3aJaHUs  ONPEICICHHBIX  3aKOHOB
MOCJICIOBATEILHOCTU Il MOHHBIX TOTOKOB, COOpaHa 3KCIEPUMEHTAJbHAs YCTAaHOBKA C BaKyyMHOMH
MOJICUCTEMOH OJIOKOB U 3NIEKTPOHHON CHCTEMOW yIPaBICHUS.
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Abstract

In this manuscript, the radon concentration in drinking water in some places of District Chakwal, Punjab has
been studied by active technique using Pylon AB series. A total of 50 samples were collected with one each
duplicate sample for 10 samples each. The samples of water were accumulated from bore/well, surface water
used by the area people for drinking purposes. The samples were collected in the month of May,2017.The
radon concentrations range from 4.2 to 8.5kBq/m3and 2.1 to 5.3kBq/m? in bore/well and surface water
with mean respective values of 6.5 + 1.1kBq/m3 and 4.3 + 0.7%Z respectively. The respective doses from
bore/well and surface water were 0.018 + 0.003mSv and 0.012 + 0.002mSv. Based on this study it has been
concluded that the radon level in all the samples were within the limit recommended by US EPA.

Keywords: pylon AB series, drinking water, radon concentration, bore and spring water.

Introduction

When the uranium, radium and thorium, present in the Earth’s crust, decays naturally, radioactive
radon gas is formed (Khattak et al., 2011). Radon is found in all the water sources on the Earth because
it is soluble in water. It is also present in air. Radon has both positive and negative character in nature.
Firstly, radon presence in soil, waters and rocks helps in recognition and forecast of earthquake, volcanic
activities, hidden geological faults, uranium deposits and in hydrological research, Secondly, it causes
health hazards due to the presence in air and water in such a high level (Khattak et al., 2011).The
protection of humans from radon related health hazards can be possible by continuous monitoring of
radioactivity in all water sources and to deduce seismic related changes in the radon content of water
(Choubey and Ramola, 2000; Erees et al., 2007). The ground water flowing through granite or granitic sand
and gravel formations contains highest concentration of radon, ranging from 1 — 50 kBq/m3 in aquifer and

sedimentary rocks, 10 — 300 kBq/m?3 in very deep wells and 100 — S0,000% in crystalline rocks
(Loomis, 1987; Akerblom and Lindgren, 1996; Hopke et al., 2000; Choubey et al., 2003) while in surface
water, the radon concentration levels are substantially very low in the range of few kBq/m?3 (Al-Masri and
Blackburn, 1999). 300 samples collected from 41 states of USA revealed that the mean value of radon
concentration ranges from 1.24 kBq/m3 in Tennessee to 65.6 kBq/m? in Rhode Island (Nazaroffet al.,
1988).

According to Environmental Protection Agency (EPA, 2009), radon is on second position in
causing lung cancer in the US. The radon level in indoor environment can be change due to domestic
applications and also by the nature of material used for storing drinking water (Sohrabi, 1998). High
concentration of radon in air and water causes a consequential risk of stomach and gastrointestinal cancer
and lung cancer (Khan, F., 2013; Khattak, N.U. et al.2011).

In US, 168 cancer deaths per year caused by radon in drinking water, 89% from lung cancer caused
by breathing radon released from water, and 11% from stomach cancer caused by drinking radon-
containing water (Loomis, D. P., 1987). USEPA suggested peak adulterant level (MCL) of radon in public
drinking water stoke to be 11.1 Bq L™ (300 pCi L™1) (Nazaroff, W. W., et al 1988).

Nowadays, health hazards caused by radon are a global issue. The developed countries are positively
looking into these hazardous problems. General peoples are aware through all types of social media. Proper
action planshave been established in case of alarming situation and reference level data of radon
concentration has been shared with public. Academia and NGO’s are involved, who arranged workshops
and conferences on quantification and easement of radon and its progenies present in the environment.

Recently, radon free buildings are being processed. Separate laboratories have been developed that
are well-equipped and work for radon measurements. Now peoples are aware that radon is a threat for them
and they should fight with it to protect themselves therefore development of radon monitoring cells and
regulation are mandatory to overcome this hazard.

In Pakistan and other under developed countries, the radon measurement plans and organized
campaigns have not been commenced till now. Only in a few specific areas and organizations, for the sake
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of academic interest steps have been taken to measure the radon concentration. The current study was carried
out in order to measures the radon concentration in drinking water sources of the Chakwal City in order to
see if the peoples of the area are at any danger from radon related health hazards.

Location and Geology of the study area

Chakwal District is located at 32.9303° N, 72.8556° E,in Punjab, Pakistan about 90 km south-east of
the Capital, Islamabad(Fig. 1)(Akram et al., 2017). The study area is named after the chief of the Mair
Minhas tribe i.e. Chaudhry Chaku Khan.
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Figure 1: Showing the geologic map displaying the different rocks and structures of the parts of Himalayas,
Pakistan. Red circle marks the location of the study area (Akram et al., 2017).

Chakwal area lies in the beginning of Potwar Plateau and Salt Range of north-eastern Pakistan
forming the northern part of Punjab. Chakwal area is surrounding on all four sides by different geological
features. On the north side of the Chakwal area, the Northern Potwar Deformed Zone (NPDZ) is present
while Salt Range Thrust which is the youngest thrust fault of Himalayas bounds the study area on the south.
To the east of Chakwal area Jhelum Fault is present while Indus River is present on the west separating the
Potwar area from Trans Indus Ranges(Shah, 2009).The Salt Range which is the famous ranges in geology
and also called Museum of Geology is having Precambrian to recent age rocks. The Chakwal area consists
of Siwaliks group rocks which are Miocene to Pliocene in age while the Punjab plains in front of Salt Range
comprised of recent alluvium(Shah, 2009).

Groundwater use in district Chakwal is of a fundamental importance to meet the rapidly expanding
drinking and agricultural water requirements. The main factors contributing to groundwater recharge in
Chakwal are rainfall, evapotranspiration and geology. Chakwal is a rural barani district with hilly terrain
lies within the monsoon range having two rainy seasons. The average temperature of the study area is 32 °C
with 62% Humidity. Water table variation in the study area are 35feet to 90 feet(Afzal et al., 2015).

Sampling methodology

Water samples were collected from twenty five different locations of Chakwal region and it’s nearby.
The sampling sites are located closer to each other i.e. lying in the radius of about 10 kilometers with
reference to Chakwal City. These drinking water samples were collected from bore and surface water.

Total 50 water samples from twenty five different sites were collected in the study area. Out of these
50 samples, twenty five were from bore/welland twenty five from surface water. The instruments i.e. tube,
attached to the faucet in a controlled flow rate were used to collect the bore/well water samples while 500
ml plastic bottles were used to collect the surface and spring water samples which after filling should be
caped inside the respective sources. There is restriction during following this procedure thatthe outside air
should not entered into the bottles. Acidification process involves the addition of concentrated HNO; in all
water samples which is helpful for preservation within transport for the analysis at laboratory. These samples
were accumulated during summer (May 2017). In situ, the depth of the well in case of bore, amount of
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sample, the PH value, temperature and atmospheric pressure were measured. The sampling for radon
concentration requires experience and also some precautionary measures should be taken during sampling.
An error in the measurement of radon content in a sample can be simply due to any mistake or lack of
expertise. Therefore, all the samples of the respective sites were taken with absolute care and maximum
precision to avoid any ambiguity. Furthermore, to cross check our experimental values for validation,
duplicate samplings were also carried out in each district. To get improved statistical data of radon
concentration, the deviation in concentration of the duplicate samples i.e. vary from 4% to 13% with
respect to the original samples were also incorporated in the original set of results. The temperature range
in the study area during the sampling month was 25°C to 40°C.

Measurement Techniques

The Pylon WG-1001 Radon System

The Pylon WG — 1001 series of water degassing systems allow the user to obtain radon samples from
water and place them in an active Lucas cell. The Pylon WG — 1001 Vacuum Water Degassing Systems
are designed for accurate and speedy extraction of radon from water samples. The basic WG — 1001 system
consists of a vacuum and bubbler assembly and a hand-pump, all stored in a portable case. Variations of the
WG — 1001 kit allow you to include Pylon model 3004 cells or offer the choice of optional water trap to
reduce the possibility of cell damage if the vacuum is not shut off in time. A vacuum is placed on the attached
Lucas cell. This vacuum is used to agitate the water sample for radon gas extraction. The excess moisture
in the gas is removed via the drying tube assembly to protect the cell from moisture damage. Once the
sample is placed in the cell, the amount of radon can be measured using a Pylon Model AB — 5 monitor.
The AB — 5 series of portable radiation monitor (Pylon) has a photomultiplier tube to detect photons
generated by scintillation detector. This system operates in a grab sample mode. The counting efficiency
and sensitivity of the instrument used for a grab sample and continuous sampling are 0.744 +
0.02 cpm/dpm and 1.37 cpm/(pCi/L) respectively. The maximum and average background of the
instrument is 1 cpm and 0.6 cpm respectively for 3004 Lucas cells. The accuracy of the instrument is
within two decimal points.

Radon Concentration in Water Samples
The radon concentration can be accurately measured with the help of Lucas cell. The Lucas cell counts
alpha particles emitted from radon and its progenies i.e. Po?*, Pb?'* and Bi?'*. To attain radioactive
equilibrium between them a time delay of four hours is required. Therefore, before counting alpha (@)
particle by the alpha scintillation counter which is also called pylon counter, the Lucas cell was placed for
four hours. Thus 4.5 to 5 hours was the total time for one sample from preparing to count of alpha particle.
The time of counting (T'c) was noted and for radon concentration the equation was applied (Egn. 2A).
The radon concentration obtained as a result was in pCi/L which was converted to
Bq/m3 (1 Pico Curie/litre = 37 Bq/m?3).The Scintillation Cell (Lucas cell) measured the background
radiation for three 5 minutes intervals and then average was taken in count per min (CPM). The “water
degassing unit” and Lucas cell was flushed before taking each new sample. A sample of water of 190 mL
was taken in the sample graduated tube of the Degassing unit. The air was sucked through the bubbler inlet,
water trap, drierite tube and exhaust tube to the Lucas cell by the air pump to a pressure of 27 inches of
Mercury. The preparing process of a samplein the Lucas cell took 5 to 6 minutes. The time of sampling (Ts)
was noted. For counting, the cell was placed in radiation monitor approximately 4 hours after sampling so
that the radon activity in the cell reaches to equilibrium with its progenies. After the decay of fluorescence,
the cell was counted for three 5 minutes time intervals in Pylon Counter. Thus the total time interval in
analyzing one sample from preparation to counting of alpha particles was approximately 4.5 to 5 hours.
The time of counting (T¢) was noted. The doses from of radon concentrations in water were estimated using
the relation (Eqn. 2B).

_ (C-B)x100
T FX6.66XDXSXV

(A)

Where A is 222Rn activity(pCi/L),C is Gross count rate in Counts Per Minute(CPM),B is
Background count rate(CPM), F is Cell counting efficiency(0.744),6.66 is the product of the number of a —
emitters(3) and the conversion factor for DPM to pCi/l(2.22), D is Degassing efficiency(0.9),S is the

166



Meoswcoynapoonas xoughepenyus « Pynoamenmanvhvie u NPUKIAOHble 80NPocsl puzuxuy 22-23 cenmsaops 2020e.

Correction for decay of radon from sampling time Ts to counting time T¢(0.9702) and V is Sample
volume(190 mL).
H(mSva™1) = Cg, X 0.00273 X [9mSva~1(Bqgm=3)71] (B)

Results and discussion

The radon concentrations in the bore and surface water of the study area were presented in
Tablel.These values are ranging from 4.2 to 8.5 kBq m~3 with a mean value of 6.5 + 1.1 kBq m~3in bore
water and it ranges from 2.1 to 5.3 kBq m~3with a mean value of 4.3 + 1.0 kBq m™3 in surface water.
Table 2 present the doses received by the people from radon in these drinking water. These values range
from 0.011 to 0.023mSv and from 0.006 to 0.014mSv in bore and surface water respectively with
0.018 + 0.003 mSv and 0.012 + 0.003 respective mean values. Figure2&3 show the mean radon
concentrations and doses in drinking water collected from the study area.

Table 1 Arithmetic mean (A.M), Geometric mean (G.M), Maximum, Minimum and Standard deviation (S.D) of
222RnConcentrations (kBg/m®) in bore and surface waters in from study area.

Samples AM G.M Minimum Maximum S.D
Bore water 6.5 6.2 4.2 8.5 1.1
Surface water 4.3 4.1 2.1 5.3 1.0

Table 2 Arithmetic mean (A.M), Geometric mean (G.M), Maximum, Minimum and Standard deviation (S.D) of doses
(mSv) in bore and surface waters in from study area.

Samples AM G.M Minimum Maximum S.D
Bore water 0.018 0.017 0.011 0.023 0.003
Surface water 0.012 0.011 0.006 0.014 0.003
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Figure 2. Mean radon concentrations in bore and surface water in study area
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Figure 3. Mean values of dose concentration in bore and surface water in study area

Conclusions

This study revealed the fact that the mean value of radon concentrations in all types of drinking
sources in the bore water was almost 30% more than surface water. The mean values in all types of drinking
water in both the part are not very high thus posing no threat to the health of local people and not exceeding
the radio-protection standards recommended by the national and international standards as recommended
by(US EPA, 1991, Midyaet al.,2014).
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